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Abstract: Cuproptosis is a form of programmed cell death triggered by the abnormal accumulation of intracellular copper ions,
and its mechanism is closely associated with oxidative stress and mitochondrial dysfunction. Recent studies on sepsis have
indicated a potential link between copper metabolism disorders and organ injury. Cuproptosis may be involved in the progression
of multi-organ dysfunction in sepsis by disrupting immune homeostasis, promoting inflammatory responses, and altering energy
metabolism. This review focuses on the potential role of cuproptosis in sepsis-related damage to major organs, including the
heart, liver, lung, and kidney, and summarizes current findings regarding its molecular mechanisms. Potential therapeutic
strategies, such as copper chelators and mitochondrial protectants, are also discussed. In addition, this review outlines key
areas of ongoing debate and highlights future research directions, with the aim of informing further investigation into precision
therapies for sepsis.
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Introduction

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection, and remains one of the leading
causes of mortality in critically ill patients worldwide.' Despite advances in supportive care, effective targeted therapies for sepsis
are still lacking, in part due to the complex and heterogeneous nature of its pathophysiological mechanisms.> Current under-
standing suggests that multiple factors—such as immune dysregulation, mitochondrial dysfunction, oxidative stress, and
metabolic reprogramming—are involved in the development and progression of sepsis.> However, many of these mechanisms
remain poorly understood or insufficiently targeted by existing interventions, underscoring the need for novel therapeutic
strategies and molecular targets.

Recent studies have suggested that cuproptosis, a newly defined form of programmed cell death triggered by
intracellular copper accumulation, may be critically involved in the pathogenesis of sepsis.*> Copper levels in sepsis
patients are frequently found to be abnormally elevated, which may be closely associated with disease severity and
outcomes.® Excessive copper accumulation can induce cuproptosis and may also aggravate sepsis progression by
promoting oxidative stress and pro-inflammatory responses.* Furthermore, certain copper ionophores and chelators
have been proposed as potential therapeutic agents aimed at modulating copper homeostasis to mitigate sepsis-related
tissue injury.’

In this review, we provide a comprehensive overview of the mechanistic basis of cuproptosis, summarize recent
advances in its relevance to sepsis-related organ dysfunction, and discuss its emerging potential as a biomarker and

therapeutic target for improving clinical management of sepsis.
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The Discovery Process of Cuproptosis

As early as in the 1980s, researchers found a unique cell death phenomenon induced by abnormal copper metabolism, but its
mechanism has not yet been clarified.® In 2000, it was proposed that the copper ionophore elesclomol (ES), as a molecule
soluble in lipids that binds copper ions reversibly, is capable of targeting copper ions for intracellular delivery, and this
property has made it an important antitumor drug development direction for the development of antitumor drugs.’ In 2012,
a study confirmed that ES inhibits tumor cell proliferation by promoting copper ion transport to mitochondria, notably raising
reactive oxygen species (ROS) and lowering iron-sulfur cluster protein levels, revealing for the first time the association
between copper metabolism and mitochondrial dysfunction.'®!"" Subsequently, further studies demonstrated that copper ions,
upon ES-mediated entry into cells, can generate hydroxyl radicals (-OH) by oxidizing ascorbic acid and catalyzing H,0,
decomposition, leading to DNA damage and collapse of mitochondrial membrane potential. '21n 2016, ES was found to act on
the mitochondrial respiratory chain and elevate intracellular reactive oxygen species levels through a ROS-mediated
mechanism, ultimately inducing cell death.” In 2019, Tsvetkov et al identified the ferredoxin 1 (FDX1) gene as a core
regulator of ES sensitivity through a genome-wide screen, which encodes a protein directly binds to the ES-Cu complex,
inhibits iron-sulfur cluster biosynthesis and triggers aberrant aggregation of lipoylated proteins.'® In 2022, the team further
clarified the mechanism of copper-induced cell death and formalized the name “cuproptosis”. The fundamental mechanism is
the interplay between lipoylation, a conserved post-transcriptional protein modification pathway, and components of the
tricarboxylic acid (TCA) cycle.'

Cuproptosis and Other Types of Cell Death

Cuproptosis is not just a method for cell death on its own; it may also interact with other mechanisms like autophagy and
apoptosis. Copper ion overload can activate both apoptosis and cuproptosis death pathways, copper ions promote cross-
activation of both forms of death by inhibiting glutathione (GSH) synthesis.'*>'® Furthermore, by activating the TLR4/NF-xB
pathway, copper ion overload was observed to indirectly enhance localized death-related inflammatory responses.'> This
cascade impact was significant in an atherosclerosis model. Copper ions can enhance lipid peroxidation via the Fenton-like
reaction, leading to the synergistic activation of ferroptosis and cuproptosis, a phenomenon that has been demonstrated in
hepatocellular carcinoma cells.'”'® Autophagy exhibits a dual role in cuproptosis: short-term copper stress activates protective
autophagy to scavenge damaged mitochondria, but sustained copper overload leads to a blockage of autophagic flow and
exacerbates proteotoxic stress.'® Unlike autophagy-dependent death, the onset of cuproptosis does not depend on autophagy
core genes such as ATGS5/ATG7, but knockdown of p62/SQSTM1 enhances cuproptosis susceptibility through inhibition of
aggregin degradation.?® This intricate network relationship offers fresh insights into the function of cuproptosis in disease,
which can interact with various death pathways during pathology despite having a molecular mechanism that is very different
from recognized types of death. This complexity suggests the need to develop specific regulatory tools to precisely target
cuproptosis in the future.

Regulatory Mechanisms of Cuproptosis
Cytotoxicity of Copper lons

Copper, as an essential trace element, has intracellular concentrations that need to be tightly regulated to maintain normal
physiological functions. Copper contributes to energy metabolism, antioxidant defense, and enzyme cofactoring under
homeostatic settings.”! However, cytotoxicity can be brought on by copper ion concentrations that are higher than the
physiological range, which can result in oxidative stress and cellular damage. Excess copper ions have been demon-
strated to bind to lipoylases and cause the aberrant aggregation of lipoylated proteins, which impairs cell activity and
causes cuproptosis.'* When copper ions attach to lipoylated proteins in the TCA cycle, iron-sulfur cluster proteins are
lost, which causes protein aggregation and cytotoxic stress, which in turn causes cell death. This phenomenon is known
as cuproptosis. In addition, copper ions can exacerbate cellular damage by inducing oxidative stress, endoplasmic

reticulum stress, and other pathways, further affecting cell survival and function.?>*
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Regulation of Cuproptosis

Cuproptosis is a new copper-dependent cell death mechanism that is brought on by an aberrant buildup of intracellular
copper ions.>* Its molecular mechanism involves the synergistic action of multiple signaling pathways involving copper
metabolism, mitochondrial energy metabolism, and oxidative stress (Figure 1).

Copper lon Transport and Homeostatic Regulation

When cellular copper homeostasis is out of balance, cuproptosis begins. Overexpression of copper transporter 1 (CTR1),
which is in charge of the cellular uptake of copper ions, greatly increases vulnerability to cuproptosis.”® Antioxidant 1
Copper Chaperone (ATOX1) transports copper ions to the Golgi apparatus upon cell entry. There, they are carried by the
vesicular transport system mediated by ATPase copper transporting o (ATP7A) and ATPase copper transporting P
(ATP7B) to achieve transmembrane transport and secretion.”® It has been shown that loss-of-function mutations in
ATP7B lead to aberrant accumulation of copper ions in the mitochondrial matrix and the formation of cytotoxic Cu?'-
thiol complex, which trigger mitochondrial membrane permeability transition and ultimately induce cuproptosis.® The
copper chelator tetrathiomolybdate (TTM) inhibits cuproptosis by competitively binding free copper ions and blocking
their interaction with thioctylated proteins.’ In addition, depletion of metallothioneins (MTs) and GSH, which serve as
important intracellular copper buffering systems, exacerbates copper homeostatic imbalance and promotes cuproptosis by
decreasing the chelating capacity of copper ions.*?

Mechanisms Associated with the Mitochondrial TCA Cycle

The TCA cycle’s protein lipoic acid esterification in the mitochondrial respiratory chain is one of cuproptosis’s primary
characteristics. One significant lysine post-translational modification that is necessary for controlling major TCA cycle
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Figure | Schematic of cuproptosis mechanism. Cuproptosis is triggered by intracellular copper ion (Cu2+/Cu+) overload, which leads to accumulation via an imbalance
between CTRI uptake and ATP7A/B excretion. Excess Cu” targets key nodes of mitochondrial metabolism (eg, PDH complex, DLAT, FDXI), inhibiting the TCA cycle and
Fe-S cluster protein function, while triggering aberrant aggregation of thiol proteins and ROS bursts. Drug (Elesclomol) enhances cuproptosis, ultimately leading to energetic
collapse and irreversible cell death.

Abbreviation: Ac-CoA, Acetyl-Coenzyme A; ATP7A/B, ATPase Copper Transporting o/f; o-KG, Alpha-Ketoglutarate; CTRI, Copper transporter |; DLAT,
Dihydrolipoamide S-Acetyltransferase; FDXI, Ferredoxin |; LIAS, Lipoic acid synthetase; OAA, Oxaloacetic acid; PDH, Pyruvate dehydrogenase; ROS, Reactive oxygen
species; STEAP, Six-transmembrane epithelial antigen of the prostate.
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enzymes is lipoic acid esterification. The metabolic function of mitochondria is inhibited when excess intracellular
copper ions bind to lipoylated proteins, including related proteins like pyruvate, a-ketoglutarate, branched-chain cupric
acid dehydrogenase, and glycine cleavage system.’’>' This causes the lipoylated proteins to aggregate. This leads to
disruption of the TCA cycle and insufficient cellular energy production, as well as triggering proteotoxic stress, which
ultimately contributes to cellular cuproptosis.

FDXI1 is an upstream regulator of cuproptosis, and its loss of function renders cells completely resistant to copper ion-
induced death. It induces copper ions to interact with mitochondrial lipoylation-modified TCA cycle enzymes eg,
dihydrolipoamide S-Succinyltransferase (DLST) and dihydrolipoamide S-Acetyltransferase (DLAT), undergo specific
binding, which in turn promotes binding to lipoylated proteins.**** It was found that knockdown of FDX1 or inhibition
of enzymes related to lipoylation eg, lipoic acid synthetase (LIAS), lipoacyltransferase 1, prevented cuproptosis.>*
Therefore, biomarkers such as FDX1, LIAS, DLAT, lipoyltransferase 1, and dihydrolipoic acid dehydrogenase are
important in the study of cuproptosis.

Disorders of Mitochondrial Respiratory Chain-Dependent Energy Metabolism

The mitochondrial respiratory chain’s ability to operate properly is necessary for cuproptosis to develop. According to
studies, copper ions disrupt the electron transport chain’s ability to function by blocking either complex I (NADH
dehydrogenase) or complex III (cytochrome bcl complex).>>*> This prevents the production of adenosine triphosphate
(ATP), which lowers cellular sensitivity to cuproptosis.

A number of metabolic enzymes and the mitochondrial electron transport chain depend on iron-sulfur cluster proteins,
whose breakdown impairs cellular energy metabolism and redox balance and ultimately results in cell death.*® An
overabundance of copper ions degrades iron-sulfur cluster proteins in mitochondria, disrupts iron-sulfur cluster biosynth-
esis, and reduces the stability of important respiratory chain components, all of which result in decreased ATP synthesis
and disruption of mitochondrial ultrastructure.**-** Furthermore, copper ion accumulation aggravates the cellular energy
crisis by blocking the mechanistic Target of Rapamycin Complex 1 (mTORCI1)-mediated protein synthesis pathway,
which in turn promotes the adenosine monophosphate-activated protein kinase (AMPK) signaling pathway.>’ Preclinical
studies have shown that the mitochondrial uncoupler carbonyl cyanide-p-trifluoromethoxy phenylhydrazone (FCCP)
partially alleviates cuproptosis, possibly by modulating mitochondrial membrane potential, suggesting that mitochondrial
respiratory function is closely associated with cuproptosis.?’

Oxidation States of Copper in Regulating Cuproptosis

The redox states of copper, primarily Cu” and Cu®*, play a critical role in regulating its intracellular behavior and
biological effects.®® These oxidation states influence copper’s capacity to participate in redox reactions, affect its
transport and accumulation within the mitochondrial matrix, and modulate key processes such as protein lipoylation.*
Such redox-dependent mechanisms are closely associated with the initiation of cuproptosis. In particular, the cycling
between Cu’ and Cu®" facilitates the generation of ROS, exacerbates oxidative stress, and contributes to mitochondrial
damage, ultimately leading to regulated cell death.** Understanding these oxidation-dependent pathways provides
a foundation for deciphering the molecular events involved in copper-induced cytotoxicity.

Oxidative Stress and DNA Damage Response

Copper ions catalyze the generation of hydroxyl radicals (-OH) from hydrogen peroxide via the Fenton-like reaction.*'
This sets off oxidative stress, resulting in lipid peroxidation, DNA damage, and rupture of the cell membrane. In vascular
endothelial cells, exposure to copper oxide nanoparticles (CuONPs) leads to YH2AX focus formation and activation of
the ATR/ATM-p53 signaling pathway, suggesting an important role of DNA damage in cuproptosis.”’ In the meantime,
copper ions have the ability to suppress glutathione peroxidase 4 (GPX4) activity, which results in the buildup of lipid
peroxides.”®*’ This alters the structure and function of cell membranes, increasing their permeability and allowing
intracellular chemicals to seep out. Copper ions are also able to inhibit the ubiquitin-proteasome system, which in turn
inhibits cellular protease activity, causing intracellular protein degradation and renewal to be blocked, and normal
physiological cellular functions to be affected, ultimately inhibiting cell proliferation and contributing to the movement
of cells toward cuproptosis.** Cuproptosis is triggered and ROS production is encouraged by the copper ionophore
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NSC319726.* This results in deoxyribonucleotide depletion and DNA synthesis inhibition, which stops the cell in the
G1 phase and causes death. Additionally, when dithiothreitol binds to copper ions, it suppresses the NF-kB signaling
pathway, activates the p38 signaling pathway, and increases the creation of ROS, all of which cause cell death.** Notably,
copper-specific induced oxidative stress is subcellular organelle-selective, with elevated mitochondrial ROS levels
preceded by a cytoplasmic ROS burst, and antioxidants such as N-acetylcysteine (NAC) only partially alleviate
cuproptosis.

Whnt/B-Catenin Signaling Pathway

Cuproptosis interacts with the signaling pathway of Wnt/B-catenin.*> The Wnt/B-catenin pathway is activated when copper
binds to 3-phosphoinositide-dependent protein kinase-1 (PDK1) and facilitates its interaction with protein kinase B (PKB).*®
Interestingly, cellular resistance to cuproptosis was enhanced by abnormal stimulation of Wnt/B-catenin signaling. Subsequent
research revealed that the transcriptional complex B-catenin/transcription factor 4 (TCF4) directly binds to the promoter of
ATP-binding cassette sub-family B member 1 (ATP7B) and triggers its production.*” Copper ions are effluxed, intracellular
copper concentration is decreased, and cuproptosis production is inhibited by ATP7B. Cuproptosis susceptibility is increased
by TCF4 knockdown or pharmacological inhibition of the Wnt/B-catenin pathway.*® These results indicate a connection
between susceptibility to cuproptosis and copper homeostasis, which is controlled by the Wnt/B-catenin pathway. They also
point to a precision medicine approach that uses cuproptosis to treat clinical illnesses.

Relationship Between Cuproptosis and Sepsis

Sepsis is a potentially fatal organ malfunction brought on by a dysregulated host response to infection. Its pathophysiol-
ogy is intricate and includes several facets of cell death, inflammation, and immune response. Numerous studies have
shown that cuproptosis occurs mainly under conditions of metabolic disorders, oxidative stress, and immune cell

dysfunction in vivo, and thus it plays an important role in the development and progression of sepsis (Figure 2).%>*?

Heart

Sepsis-induced myocardial depression is closely associated with cuproptosis. Copper ions may affect myocardial systolic
and diastolic function by interfering with energy metabolic processes in cardiomyocytes. The mitochondrial respiratory
chain complex in cardiomyocytes is inhibited when copper ions are overloaded, resulting in decreased ATP production
and inadequate energy supply to cardiomyocytes. Meanwhile, excessive cuproptosis may also induce oxidative stress in
cardiomyocytes, damaging cardiomyocyte membranes and intracellular biomolecules, leading to cardiomyocyte dysfunc-
tion and death. Animal experiments have shown that lipopolysaccharide (LPS) stimulation significantly up-regulates the
expression of the key genes for cuproptosis, FDX1 and DLAT, in cardiomyocytes, resulting in decreased ATP production
and the accumulation of mitochondrial thioctylated proteins.*” According to clinical research, sepsis patients’ higher
cardiac troponin I levels and serum copper/zinc ratio are positively correlated, and the copper chelator TTM attenuated
LPS-induced cardiomyocyte death.>® In addition, alterations in the expression of genes linked to cuproptosis might also
regulate septic heart damage, although the specific molecular mechanisms require further in-depth study.

Liver

In sepsis, the liver, as a major detoxification and metabolism organ, is susceptible to injury. Abnormal accumulation of
copper ions in hepatocytes may lead to cuproptosis by inducing oxidative stress and mitochondrial dysfunction.’’ It has
been shown that cuproptosis was found to be involved in the disease process in a mouse model of sepsis induced by cecal
ligation and puncture, as well as in a lipopolysaccharide-stimulated cellular model of sepsis.’> At the onset of sepsis,
mice had considerably higher serum levels of aspartate aminotransferase and alanine aminotransferase, and their
hepatocytes displayed noticeable swelling and necrosis. At the same time, liver tissues showed decreased expression
of cuproptosis-related proteins, including FDX1, LIAS, and DLAT. It has also been found that when the copper chelator
penicillamine or methanogens were used, mitochondrial structure and function were significantly improved and liver
fibrosis was alleviated. In addition, cuproptosis may further exacerbate sepsis-induced liver injury by affecting the
inflammatory response in the liver.
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Figure 2 Cuproptosis plays an important role in the occurrence and progression of sepsis. Sepsis, triggered by a dysregulated host response to infection, is life-threatening and
mechanistically complex. Recent studies have shown that cuproptosis is critical in the development of sepsis, leading to multiple organ damage. In sepsis, uncontrolled
inflammation triggers disturbances in copper metabolism and large intracellular accumulation of copper ions, triggering cuproptosis. In the heart, cuproptosis interferes with
energy metabolism, resulting in decreased myocardial contractility; in the liver, damage to hepatocytes affects liver function; in the lungs, disruption of the pulmonary
vasculature and alveolar epithelium leads to impaired gas exchange; in the kidneys, damage to the tubular epithelium predisposes to the development of acute renal injury;
and in the brain, the interference with neuronal cell function affects cognition and neuromodulation. In-depth study of the mechanism of cuproptosis injury is of great
significance in finding new targets for sepsis treatment and improving the prognosis of patients.

Abbreviation: ATP, Adenosine triphosphate; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; CTRI, Copper transporter |; CLP, Cecal ligation and
puncture; COXI |, Cytochrome c oxidase assembly protein |1; COXI7, Cytochrome c oxidase assembly protein 17; DLAT, Dihydrolipoamide S-Acetyltransferase; ES,
Elesclomol; FDXI, Ferredoxin I; LIAS, Lipoic acid synthetase; LPS, Lipopolysaccharide; NAC, N-acetylcysteine; ROS, Reactive oxygen species; TGF-f1, Transforming growth
factor-BI; TTM, Tetrathiomolybdate.

Lung

The lungs are among the most susceptible organs in sepsis, and cuproptosis may be a significant contributing factor.
Cuproptosis causes pulmonary edema and lung injury by promoting mitochondrial ROS burst in alveolar epithelial cells,
disrupting normal cellular function and structure, and increasing pulmonary vascular permeability. ES was found to
enhance copper accumulation in lung tissue, leading to respiratory chain dysfunction and alveolar barrier disruption
through inhibition of cytochrome ¢ oxidase assembly protein 11 (COX11).>® In addition, copper ions may affect the gas
exchange function within the lungs, decreasing oxygenation capacity and aggravating respiratory failure. Notably, it has
been demonstrated that the occurrence of moderate cellular cuproptosis may alleviate pulmonary fibrosis by inhibiting
fibroblast activation.”*>> The inhibitor of cuproptosis, NAC, also partially reversed lung histopathologic damage.

Kidney
In renal injury due to sepsis, cuproptosis may play an important role. The development of acute kidney injury is closely
linked to the up-regulation of CTR1 and cytochrome c oxidase assembly protein 17 (COX17) in renal tubular epithelial
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cells of sepsis patients. This up-regulation caused an aberrant build-up of copper ions in the mitochondrial matrix and
caused renal tubular cell cuproptosis by activating the MAP2K1 signaling pathway and the release of inflammatory
factors. In sepsis, reduced renal perfusion and tissue hypoxia lead to metabolic disorders in renal cells, while copper ion
accumulation further interferes with mitochondrial function and disrupts redox balance.’® Additionally, copper ion
buildup can directly impact mitochondrial respiratory chain complex IV activity, causing cellular damage and exacer-
bating renal fibrosis.”’ By preventing aberrant transforming growth factor-Bl (TGF-B1) from activating, selective
divalent copper ion chelators have been shown to improve renal fibrosis.”® TTM, on the other hand, improves fibrosis
by lowering the amount of copper ions in renal tissue.

Brain

The investigation into how cuproptosis contributes to septic brain injury is still in its early phases. In sepsis, the blood-
brain barrier permeability increases, and copper ions can enter the central nervous system through the damaged area of
the blood-brain barrier, producing toxic effects on neurons and glial cells. On the one hand, copper ions interfere with the
energy metabolism of neurons and inhibit the mitochondrial respiratory function, so that neurons lack energy supply and
affect their normal physiological activities. On the other hand, oxidative stress resulting from the accumulation of
cuproptosis-associated copper ions impairs cellular membranes and organelles in neuronal cells, thereby contributing to
neuronal cell death. In addition, cuproptosis may also affect neurotransmitter metabolism and signaling in the brain,
which in turn affects brain function and symptoms such as cognitive impairment and blurred consciousness.
Nevertheless, additional investigation is required to identify the precise molecular processes and associated signaling
pathways.

The Use of Cuproptosis in the Treatment of Sepsis

As research continues, it has been discovered that cuproptosis plays a significant regulatory role in sepsis, which offers
fresh approaches to treating and preventing multi-organ dysfunction brought on by sepsis. The current research is still in
the exploratory stage for therapeutic strategies against cuproptosis in sepsis. We explore the therapeutic potential of
cuproptosis and sort out the present treatment options for cuproptosis in sepsis.

Application of Copper Chelating Agents

Copper chelators work by binding to copper ions and reducing their accumulation within cells, thereby potentially
preventing or mitigating organ damage from cuproptosis. Penicillamine and triacetyltriamine are commonly used copper
chelators that can reduce the intracellular concentration of free copper ions, thereby attenuating the toxic effects of
copper ions on cells and inhibiting the occurrence of cuproptosis. It has been shown that in an animal model of sepsis,
after administration of penicillamine treatment, a decrease in the copper ion content of tissues, an improvement in cell
damage and death, and a recovery of related organ functions can be observed.* However, its specific efficacy and safety
in sepsis still need further clinical validation.

Regulation of Copper Transporter Protein Expression

Regulation of the expression of copper transporter proteins can affect intracellular copper ion homeostasis, thereby
preventing cuproptosis. Research has demonstrated that ATP7A/ATP7B and CTRI1, two copper transporter proteins, are
essential for preserving cellular copper homeostasis.”® By controlling the production of these proteins, either genetically
or by medication, cuproptosis may be less likely to occur and the excessive buildup of copper ions in cells may be
avoided. In addition, it may also be possible to balance copper concentration and attenuate cuproptosis-mediated organ
damage by targeting copper homeostasis-associated genes (eg, COX11).°° However, the application of these strategies in
sepsis therapy is still in the experimental stage.

Interventions Targeting Mitochondrial Function
Cuproptosis is strongly associated with mitochondrial dysfunction, and protection of mitochondrial function may help
prevent cuproptosis. The use of mitochondria-targeted antioxidants or mitochondrial protective agents may have
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a therapeutic role in treating cuproptosis in sepsis by mitigating the cellular damage caused by cuproptosis by
maintaining the mitochondrial membrane potential and decreasing ROS production. The mitochondrial uncoupling
agent FCCP may partially reverse the cuproptosis phenotype by restoring membrane potential.®’ In addition, some
medications with antioxidant properties, including coenzyme Q10, can shield mitochondria from oxidative damage,
preserve their regular operation, and lessen the harm that copper ions do to them, which helps to some degree to relieve
cuproptosis.®? In experimental studies of sepsis, improvement of mitochondrial structure and function, gradual normal-
ization of cellular energy metabolism, and reduction of cellular damage and death associated with cuproptosis were
observed after administration of these drugs.

Regulation of Related Genes and Signaling Pathways

Genes associated with cuproptosis, such as cluster of differentiation 274 (CD274), ceruloplasmin (CP), and vascular endothelial
growth factor A (VEGFA), are significantly differentially expressed in sepsis-induced cardiotoxicity.* Using CD274 inhibitors
to reduce LPS-induced myocardial damage has been demonstrated in animal studies, indicating that cuproptosis-related genes
(CRGs) may be a potential therapeutic target. Likewise, m®A methylation changes and genes linked to cuproptosis are
significantly correlated, such as METTL3 and WTAP that may affect the expression of CRGs through epigenetic
mechanisms.** Modulation of m®A-modifying enzyme activities may provide new ways to attenuate cuproptosis.

AMPK, Wnt/B-catenin, and other signaling pathways are among those regulated in cuproptosis. While PKB/glycogen
synthase kinase 33 (GSK-3p) is a crucial regulatory molecule, -catenin is a multifunctional protein that plays a crucial role in the
Wnt/B-catenin signaling pathway. Sepsis causes GSK-3f to become more phosphorylated, the B-catenin degradation complex to
become less active, and -catenin to accumulate and enter the cell’s nucleus to bind with T cytokine/lymphoid enhancer factor
transcription factors, increasing the transcription of downstream genes and performing a number of intricate physiological
processes.”* Research has demonstrated that administering the B-catenin inhibitor XAV-939 to septic mice lowers their levels of
serum pro-inflammatory factors and lessens their inflammatory response.®> In sepsis, memory 8 T17 cells in the small intestine
are activated, which causes them to move to the lungs and release interleukin-17A (IL-17A), which intensifies acute lung injury
and sets off excessive inflammatory responses. Because esketamine inhibits the lungs’ Wnt/B-catenin signaling system and
lowers the generation of chemokine (C-C motif) ligand 1 (CCL1), it can stop v T17 cell migration, thereby lightening sepsis-
induced lung injury and inflammatory response.®® It should be noted that inhibition of certain signaling pathways that promote
cell survival makes cells more susceptible to the toxic effects of copper ions, which in turn induce cuproptosis, for the treatment
of sepsis, and this approach may require more precise regulation to avoid excessive damage to normal cells.

Use of Antioxidants

Excess copper ions can trigger oxidative stress through ROS production, leading to cellular damage. Therefore,
application of antioxidants may help to neutralize excess ROS and attenuate cellular damage triggered by cuproptosis.
NAC has shown some protective effects in sepsis-related oxidative stress studies, but its specific effects and mechanisms
still need to be further investigated.®’

Development of Nanosystems

Recent studies have developed nanotechnology-based cuproptosis-inducing systems for enhanced cancer immunotherapy.
For example, a nanosystem for inducing cuproptosis was constructed by encapsulating copper oxide nanoparticles with
copper ionophores in a polymer.” This system causes cuproptosis, releases copper ions in tumor cells, and boosts the
effectiveness of immune checkpoint inhibitors. Although this strategy is mainly targeted for tumor therapy, its role in
regulating cuproptosis death may provide new ideas for sepsis treatment.

Future Research Directions
Modeling of Copper Disease

The establishment of animal models related to the mechanism of cuproptosis is a crucial step to deeply explore the
specific mechanism of cuproptosis in sepsis. Cuproptosis has been implicated in the pathophysiologic process of sepsis in
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recent years, particularly in the control of cell death and the inflammatory response. Researchers can monitor the
dynamics of copper and its influence on the immune response by simulating various phases of sepsis in mice or rats. For
example, the use of animal models of copper deficiency or excess can help study the biological functions of copper and
its dual role in sepsis, which can either enhance antimicrobial effects or potentially lead to cytotoxicity. The development
of suitable animal models can offer fundamental information and an experimental foundation for comprehending this
intricate mechanism. Research has indicated that cuproptosis may influence prognosis during sepsis by encouraging
oxidative stress and cell death. Furthermore, specialized knockout mice models of cuproptosis-related genes can be
created utilizing gene editing methods like CRISPR-Cas9, which will aid in identifying the precise roles and modes of
action of these genes in sepsis.

New Drug Development Strategies
The development of targeted drugs based on the mechanism of cuproptosis offers new therapeutic options for sepsis.
Copper oxide nanoparticles have shown potential in attenuating sepsis-induced lung injury, and these nanoparticles work
by scavenging ROS and inhibiting inflammatory responses. In addition, research is accelerating on copper ionophores
and cuproptosis complexing agents that selectively increase intracellular copper concentrations, thereby inducing specific
cell death pathways.®*%°

By combining existing drug retargeting strategies, drugs like disulfiram have demonstrated antitumor effects against
a wide range of cancers when combined with copper, which provides new ideas for the treatment of sepsis.”®’" In order
to increase sepsis patients’ chances of survival and quality of life, future research could investigate the targeting of genes
linked to cuproptosis in greater detail and create innovative copper-based medications. Overall, the study of the
mechanism of cuproptosis not only provides a new direction for the treatment of sepsis, but also opens up a broad

prospect for the treatment of other related diseases.

Discussion and Prospect

In recent years, cuproptosis has received increasing attention in sepsis research as a newly identified form of regulated
cell death. Literature to date suggests that cuproptosis may not only be fundamental to cellular stress responses and
mitochondrial dysfunction but may also offer novel insights into the pathogenesis and treatment of sepsis. The hallmark
features of cuproptosis, including intracellular copper accumulation, oxidative stress, and metabolic disruption, may
exacerbate immune dysregulation and tissue injury—both of which are central to the pathophysiology of sepsis. Notably,
copper-induced oxidative stress has been shown to influence cytokine production and immune cell activity, indicating
that cuproptosis may play a more active role in modulating inflammatory responses than previously recognized.

From a clinical perspective, targeting cuproptosis-related pathways—such as copper metabolism, mitochondrial
stability, and redox balance—could offer promising avenues for therapeutic intervention in sepsis. Strategies including
the use of copper chelators, mitochondrial protectants, or pathway-specific modulators may hold potential to attenuate
organ dysfunction and improve patient outcomes. Furthermore, cuproptosis-related biomarkers may aid in early diagnosis
or risk stratification, although these applications remain to be validated in clinical settings.

Nevertheless, substantial challenges remain. The molecular mechanisms of cuproptosis are not yet fully elucidated,
and significant variability exists across studies in defining its regulatory network and interaction with other cell death
pathways such as ferroptosis and apoptosis. Additionally, copper metabolism exhibits high interindividual variability
depending on genetic, metabolic, and pathological states, which complicates translational efforts. These limitations
underscore the need for further mechanistic studies and integrative models that incorporate cuproptosis into the broader
immune and metabolic landscape of sepsis.

Future research should prioritize exploring how cuproptosis interacts with immune signaling and systemic inflammatory
responses in sepsis. Multidisciplinary approaches integrating bioinformatics, metabolomics, and systems biology will be
essential to map the regulatory network of cuproptosis and to evaluate its therapeutic potential in precision medicine.

In summary, while the study of cuproptosis offers an exciting new direction in sepsis research, its clinical relevance must
be substantiated through mechanistic validation and translational exploration. A deeper understanding of its interplay with
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inflammation, immune regulation, and metabolic stress will be key to transforming these insights into tangible clinical
benefits.
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