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Abstract: Chronic liver disease ranks as the 11th leading cause of death worldwide, while hepatocellular carcinoma (HCC) is the
fourth leading cause of cancer-related mortality, representing a substantial risk to public health. Over the past few decades, the global
landscape of chronic liver diseases, including hepatitis, metabolic dysfunction-associated steatotic liver disease (MASLD), liver
fibrosis, and HCC, has undergone substantial changes. Copper, a vital trace element for human health, is predominantly regulated by
the liver. Both copper deficiency and excess can lead to cellular damage and liver dysfunction. Copper deposition is a genetic process
of copper-dependent cell death associated with mitochondrial respiration, which is associated with cardiovascular disease and IBD.
However, the roles of copper overload and cuproptosis in liver disease remain largely underexplored. This article examines recent
studies on copper metabolism and cuproptosis in chronic liver disease, investigating the potential of targeting copper ions as
a therapeutic approach. The objective is to offer insights and guidance for future investigations in this developing field of study.
Keywords: copper metabolism, cuproptosis, mechanisms, liver diseases, treatment

Introduction

Liver diseases encompass pathological changes in the liver caused by a variety of internal and external factors,
significantly impairing the organ’s normal physiological functions. A wide range of factors can contribute to liver
diseases, including drugs, chemical agents, viral infections, excessive alcohol consumption, malnutrition, and acid-base
imbalances.'> Based on their diverse etiologies and pathogenesis, liver diseases are categorized into acute liver injury
(ALI), viral hepatitis, alcoholic liver disease (ALD), MASLD, liver fibrosis, cirrhosis, and HCC.? In recent years,
changes in living environments and irregular lifestyles have led to a growing global prevalence of liver diseases, making
them a significant public health challenge. Epidemiological data reveal that end-stage liver diseases, such as viral
hepatitis, cirrhosis, and HCC, result in approximately 2 million deaths annually worldwide.* Therefore, understanding
the pathogenesis of liver diseases and developing targeted therapeutic drugs are of critical importance for advancing
clinical treatments and improving patient outcomes.

Programmed cell death (PCD) is essential for the growth, development, and survival of multicellular organisms,
playing a critical role in maintaining dynamic homeostasis and overall organismal health.” The primary forms of
programmed cell death include apoptosis, necroptosis, pyroptosis, ferroptosis, autophagy, and the recently identified
cuproptosis.® The most researched of them has been apoptosis, while cuproptosis has not been thoroughly or precisely
examined.” Cuproptosis is a newly recognized type of cell death that is characterized by its reliance on copper, the
accumulation of lipid-acylated proteins, and the depletion of iron-sulfur (Fe-S) cluster proteins, distinguishing it from
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other regulated cell deaths (RCDs).* This type of cell death is triggered when excess copper causes the aberrant
oligomerization of copper-dependent lipoylated proteins in the tricarboxylic acid (TCA) cycle, leading to a reduction
in Fe-S cluster protein levels.”'°

Copper is an essential trace element with unique redox properties due to its ability to alternate between Cu'" and Cu**
oxidation states, which are crucial for various physiological processes.'’"'? Copper serves as a cofactor for several
enzymes, including cytochrome ¢ oxidase, which is crucial for cellular respiration and energy synthesis.'? Beyond its role
as an enzymatic cofactor, copper also regulates cell growth and function.'* Insufficient copper intake can hinder growth
and development; in contrast, excessive copper levels may lead to oxidative stress, cell death, and tissue damage.'' The
human body regulates copper levels through a dynamic equilibrium, and any disruption of this balance may lead to
adverse health consequences.'” Disorders of copper homeostasis, whether hereditary or acquired,'® can contribute to
diseases such as Menkes disease,'” Wilson’s disease (WD),'® and cancer.'® Hence, maintaining appropriate copper levels
is crucial for human health.”® Recent studies suggest that disturbances in copper homeostasis may result in cellular
damage via several mechanisms, playing a role in the development of various liver diseases.”' This review attempts to
clarify the mechanisms behind cuproptosis and its role in chronic liver disorders, presenting new insights for the
therapeutic management and therapy of these conditions.

Definition and Characteristics of Cuproptosis

In March 2022, Tsvetkov et al identified a novel form of PCD called “cuproptosis”, characterized by the toxic
accumulation of intracellular copper ions, resulting in metabolic dysfunction and subsequent cell death.?” In contrast
to conventional cell death mechanisms like apoptosis, necrosis, and autophagy, cuproptosis is distinctly characterized by
its dependence on copper ions to interfere with cellular metabolic pathways.?® This mechanism specifically entails the
abnormal accumulation of copper ions within cells, predominantly affecting and binding to lipoylated proteins in the
TCA cycle.’ This interaction results in the aggregation of these proteins, impairing their function and causing a reduction
in Fe-S cluster proteins, essential for cellular respiration and energy production. The resultant proteotoxic stress and
metabolic dysregulation induce a unique type of cell death, differentiating cuproptosis from other well-defined
mechanisms.*

Comparison of Cuproptosis with Other Modes of Cell Death

Cuproptosis is a unique mode of cell death that differs from other forms such as ferroptosis, apoptosis, autophagy,
necrosis, and pyroptosis, both in its underlying mechanism and physiological implications. Ferroptosis is another recently
identified type of cell death, similar to cuproptosis. However, cuproptosis is caused by the toxic accumulation of copper
ions, whereas ferroptosis is propelled by iron-dependent lipid peroxidation of unsaturated fatty acids in the cell
membrane, which is mediated by ferrous ions and ester oxygenase.”* Cuproptosis is caused by copper ions that produce
significant numbers of reactive oxygen species (ROS) through Fenton-like processes, in contrast to ferroptosis, which is
mostly linked to iron. Oxidative damage, DNA degradation, lipid peroxidation, protease activity inhibition, and cellular
growth suppression are all caused by this formation of ROS. Furthermore, copper ions attach to proteins that are
esteroylated, which hinders mitochondrial metabolism and encourages cuproptosis.”> In contrast, apoptosis, another form
of PCD, is governed by a cascade of intracellular signaling pathways, such as the activation of caspases and the release of
cytochrome ¢ from mitochondria.?® Apoptosis involves a systematic and regulated breakdown of cellular components,
whereas cuproptosis arises from metabolic impairment caused by excessive accumulation of intracellular copper,
resulting in a unique type of cellular dysfunction.?” Autophagy is a survival mechanism activated during cellular stress,
facilitating the degradation and recycling of intracellular components to uphold cellular homeostasis. In contrast to
cuproptosis, which induces cell death by disrupting metabolic processes, autophagy generally functions as a protective
mechanism that safeguards against cell death in unfavorable conditions. Under specific conditions, dysregulated
autophagy may lead to cell death, differentiating it from the copper-induced metabolic failure observed in
cuproptosis.”® Necrosis is a form of cell death characterized by the unregulated breakdown of cellular components
resulting from external injury, frequently eliciting a significant inflammatory response. In contrast, cuproptosis represents
a regulated process that selectively impacts specific cell types, particularly those showing elevated mitochondrial activity,
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such as tumor cells.”” This selective nature of cuproptosis highlights its potential as a therapeutic target in cancer
treatment. Pyroptosis, unlike cuproptosis, is a pro-inflammatory form of PCD mediated by the activation of Gasdermin
family proteins, leading to pore formation in the plasma membrane and the release of pro-inflammatory cytokines like IL
(interleukin) —1pB and IL-18. Pyroptosis is crucial in the host’s response to infections and relies on the activation of
caspase-1. In contrast, cuproptosis is characterized by metabolic disturbances resulting from copper toxicity, rather than
inflammatory cascades.’® Cuproptosis, although identified recently, has attracted significant attention due to its unique
mechanism and potential implications in cancer therapy, necessitating further investigation to clarify its role in disease
pathogenesis and treatment. The cell death pathways are summarized in Table 1.

Molecular Mechanisms Associated with Cuproptosis

Oxidative Stress

Cells maintain a balance between oxidative processes and antioxidant defenses under normal physiological conditions.
Disruption of this equilibrium induces oxidative stress, potentially resulting in cellular damage and contributing to the
onset of various diseases.>' The Fenton reaction, a metal-catalyzed process, is a significant contributor to oxidative stress
due to its production of considerable amounts of ROS.**> Copper ions play a significant role in this reaction by catalyzing
the conversion of hydrogen peroxide (H,0,) into highly reactive ROS,* which in turn causes extensive cellular damage,
including DNA damage, mitochondrial dysfunction, and disruption of cell membranes.**

According to recent research, high copper levels can accelerate the demise of cancer cells by enhancing the
production of ROS and modifying related signaling pathways.*> For example, the copper ion carrier NSC319726
activates Cu”>" and promotes ROS production, resulting in deoxyribonucleotide depletion and inhibition of DNA
synthesis, thereby arresting cells in the G1 phase, and inducing cell death.’® Similar to this, it has been demonstrated
that the copper-binding substance disulfiram greatly increases the formation of ROS by combining with Cu®" to form
a complex that activates the P38 signaling pathway®’ and inhibits the NF-kB signaling pathway.>® Through the
overwhelming effect of cellular antioxidant defenses, this dual action successfully causes cancer cell death.'® Copper
ions induce cell death by increasing ROS generation and activating oxidative stress-related signaling pathways, which
lead to cellular dysfunction and death.*

Inhibition of the Ubiquitin-Proteasome System (UPS)

The UPS is the primary pathway responsible for the degradation of nearly 80% of intracellular proteins, regulating
various cellular processes such as apoptosis, signaling, and damage repair.*® In this procedure, ubiquitin molecules are
covalently conjugated to target proteins, designating them for breakdown by the proteasome.*' Ubiquitination is crucial
for cellular activities including apoptosis, signaling, and damage repair.**

Copper ions have been shown to interfere with the UPS through multiple mechanisms.** The disulfiram-Cu®" complex
has been shown to produce cytotoxicity in cancer cells by suppressing proteasome function, enhancing associations between

Table | Inducement and Outcome of Different Cell Death Pathways

Cell Death Inducement Outcome
Pathway
Cuproptosis Toxic accumulation of copper ions Oxidative damage, DNA degradation, lipid peroxidation, inhibition of protease activity,

and suppression of cellular proliferation.
Ferroptosis Iron-dependent lipid peroxidation of Lipid peroxidation occurs, which induces cell death.
unsaturated fatty acids

Autophagy Cellular stress Degrade and recycle intracellular components to maintain cellular homeostasis.
Necrosis Uncontrolled breakdown of cellular Inflammatory response
components
Pyroptosis Infections Inflammatory response
Apoptosis Cascade of intracellular signaling Orderly disassembly of cellular components
pathways,
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ubiquitin and proteins, and impeding signaling pathways upstream of the proteasome system. This complex also inhibits ATP
synthase, reliant on ubiquitination, hence exacerbating proteasome failure and cellular apoptosis.'>** This disruption of the
UPS by copper ions highlights a critical pathway through which cuproptosis can be induced.

Copper lons Induce Cell Death by Targeting Lipoylated TCA Cycle

Proteins

The disruption of TCA cycle proteins that have received lipoic acid alteration is a characteristic of cuproptosis. The
regulation and proper operation of these vital metabolic enzymes depend on lipoylation, which is the covalent attachment
of lipoic acid to lysine residues in TCA cycle enzymes via amide bonds.*’

Copper ions induce proteotoxic stress and cell death by binding to these lipoylated TCA cycle proteins, leading to their
aggregation and functional impairment. This results in the loss of both lipoylated proteins and Fe-S cluster proteins, which are
crucial for mitochondrial function and cellular respiration.*® FDX1 (ferredoxin 1) has been recognized as an upstream
regulator of cuproptosis. Silencing of FDX1 or inhibition of enzymes associated with the lipoylation process can avert
cuproptosis, highlighting the significance of these proteins in this distinct cell death mechanism. Thus, FDX1, along with other
lipoylation-related enzymes such as LIPT1, LIAS, DLD, and DLAT, is pivotal to the mechanistic investigation of cuproptosis
and may serve as potential biomarkers for this specific form of cell death.® The comprehensive understanding of the molecular
mechanisms of cuproptosis establishes a basis for further investigation into its implications in disease pathogenesis and
possible therapeutic applications. Figure 1 demonstrates the molecular mechanism of cuproptosis.

Abnormalities of Copper Metabolism in Liver Disease

Relationship Between Copper Accumulation and Hepatitis
Copper accumulation is intricately linked to hepatitis, particularly in copper metabolism disorders like WD.*’ A mutation
in the ATP7B gene, which codes for a copper-transporting P-type ATPase, results in WD, an autosomal recessive
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Figure | Cuproptosis regulates ROS, UPS and TCA.
Note: This figure is originally drawn by Figdraw platform (www.figdraw.com).
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condition. In response to this mutation, the liver’s capacity to remove copper is compromised, which results in an
excessive buildup of copper in the liver’s tissues and other organs, which eventually causes liver damage and hepatitis.**
The excess copper induces oxidative stress, which contributes to hepatocellular injury and an inflammatory response,
promoting the development and progression of hepatitis.** Copper accumulation exacerbates hepatic lipid metabolism,
worsening the pathology of hepatitis.’® Previous studies have indicated that oxidative stress mechanisms were the
primary cause of mitochondrial dysfunction in WD patients due to high hepatic copper levels.”' However, recent findings
indicate that mitochondrial copper levels increase approximately 200-fold before hepatic copper-mediated oxidative
stress occurs.'® The inner and outer membranes of the mitochondria cross-link as a result of this substantial increase in
mitochondrial copper, changing the potential of the mitochondrial membrane.’> The observed changes correlate with
reduced ATP production, inhibition of mitochondrial DNA replication, and structural alterations in mitochondria,
ultimately resulting in dysfunction and apoptosis.>®> In WD patients, excessive hepatic copper disrupts nuclear receptor
function and causes mitochondrial dysfunction, resulting in liver lesions.”* Nuclear receptors play a vital role in
regulating gene expression. Increased copper levels disrupt their function, leading to disturbances in lipid metabolism
and contributing to liver pathology.’® Early diagnosis and initiation of copper chelation therapy significantly improve the
prognosis of WD patients and can prevent the onset of neurological symptoms.*® Current diagnostic procedures for WD
are frequently insufficient, highlighting the need for the development of novel diagnostic methodologies and biomarkers.
Recent studies indicate that assessments of relative exchangeable copper and ATP7B peptide concentrations in the blood
demonstrate high sensitivity and specificity for the diagnosis of WD, however further validation is required for clinical
application.’’

The pathophysiology of hepatitis may be significantly influenced by the high copper levels observed in people with
chronic liver disorders. Therefore, altering copper metabolism could provide new therapeutic approaches for hepatitis
treatment.”®

MASLD and Copper Metabolism

The global rise in obesity rates has led to an increase in the number of patients with metabolic disorders.’® The main
feature of MASLD, a hepatic manifestation of metabolic syndrome (MetS), is an abnormal buildup of hepatocellular fat
(>5%) without significant alcohol intake. About 24% of people worldwide suffer from MASLD, which has a significant
financial and medical impact.®® The spectrum of liver pathology in MASLD ranges from simple steatosis to metabolic
dysfunction-associated steatohepatitis (MASH), which can further progress to fibrosis, cirrhosis, and HCC in severe
cases.’’ However, the pathogenesis of MASLD/MASH is still unclear.®® According to recent research, oxidative stress
plays a major role in the development of MASHO from hepatic steatosis.®® Oxidative stress arises from an imbalance
between ROS production and antioxidant defenses, leading to cellular damage.®* A pro-oxidant environment accelerates
the course of MASLD by increasing fibrosis, inflammation, and hepatocyte death.®> Copper ions, vital for multiple
biological functions, are predominantly regulated by mitochondrial activity, where they act as cofactors for various
enzymes implicated in redox balance, iron utilization, oxidative phosphorylation, and cellular proliferation.?>-¢%¢”
Evidence indicates that disruptions in copper homeostasis are associated with the onset of MASLD. Previous
investigations indicate that hepatic and systemic copper levels are substantially reduced in animal models of MASLD,
as well as in adult and pediatric patients with the condition, in comparison to healthy controls.”® Tosco et al®
demonstrated that copper deficiency in rats leads to hepatic steatosis by disrupting mitochondrial morphology and
function and impairing fatty acid f-oxidation. Moreover, fructose intake has been demonstrated to diminish the duodenal
expression of DL-1, a crucial copper transporter, therefore impairing copper absorption. Research conducted by Song

etal’®

indicated that a high-fructose diet in mice led to diminished serum and hepatic copper concentrations, significantly
suppressing the expression of carnitine palmitoyltransferase, a critical enzyme for fatty acid B-oxidation, while simulta-
neously enhancing fatty acid synthesis, ultimately resulting in hepatic steatosis and damage. Insufficient copper
consumption has been linked to MASLD.”' Diets low in copper and high in sucrose significantly upregulate genes
linked to hepatic inflammation,”* fibrogenesis, and fatty acid synthases (FAS), leading to hepatic steatosis and injury

without severe obesity.”® Decreased hepatic copper levels reduce hepatic iron export via impairing ceruloplasmin activity
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and the expression of hepatic iron transporter proteins, highlighting a complicated interaction between copper and iron
metabolism in MASLD."

The data indicate that copper homeostasis significantly influences MASLD pathogenesis, warranting further study to
elucidate its involvement in the disease’s development and progression.

Insulin resistance is a key pathological driver of the metabolic abnormalities associated with MASLD, playing
a pivotal role in its development.”> Copper, an essential element for physiological processes such as glucose metabolism,
plays a protective role against inflammation and oxidative damage. However, disruptions in copper homeostasis have
been linked to dyslipidemia, impaired glucose tolerance, and MetS, which can potentially progress to severe hepatic
steatosis and MASH.”®”” Evidence suggests a link between elevated plasma and serum copper levels and diabetes
complications, with both copper deficiency and excess contributing to oxidative stress, a precursor to insulin resistance
and diabetes.”®’® This indicates a bidirectional relationship between copper and insulin resistance in the pathogenesis of
MASLD, where dietary copper imbalance—either deficiency or excess—can induce insulin resistance, hepatic steatosis,
or insulin resistance-related conditions like diabetes and MetS. Chen et al®® found that excess serum copper worsens
MASLD, particularly in individuals with improved insulin resistance, highlighting a complex interaction between copper
and insulin resistance. However, the small sample size in stratified analyses calls for further investigation. The emerging
concept of cuproptosis offers a new avenue to explore how copper accumulation and insulin resistance drive MASLD
development, underscoring the need for more comprehensive studies to unravel the connections between copper
imbalance, oxidative stress, and insulin resistance in MASLD progression.

The Role of Copper Metabolism Disorders in Liver Fibrosis

Liver fibrosis is characterized by the excessive accumulation of extracellular matrix components, such as collagen,
leading to tissue scarring and hardening.®' Fibrosis results from chronic inflammation triggered by persistent infections,
autoimmune reactions, and allergies.* ®* Currently available treatments for fibrotic conditions, such as liver cirrhosis,
frequently focus on the inflammatory response. However, new data indicates that the processes behind inflammation and
fibrosis onset and progression are very different.®> The substantial contribution of transition metals, particularly copper
ions, to the development of fibrotic diseases, has been brought to light by recent research.*® Copper, an essential trace
element, acts as a cofactor for various enzymes. Both copper excess and deficiency can contribute to fibrotic disease
progression.®” Dysregulation of copper metabolism is strongly linked to the development of hepatic fibrosis.*® Excess
copper accumulation in the liver damages hepatocytes and activates hepatic stellate cells (HSCs), the key effectors of
liver fibrosis,® leading to the deposition of excessive extracellular matrix and disruption of liver architecture and
function.”® The development of liver fibrosis is accelerated by copper accumulation, which is intimately related to
oxidative stress and inflammatory reactions in the liver.”' Song et al®? demonstrated that copper deficiency worsened bile
duct ligation-induced liver injury and fibrosis, due to impaired antioxidant defenses and mitochondrial dysfunction. The
findings indicate that targeting copper metabolism may serve as a viable therapeutic strategy for the treatment of liver
fibrosis. Some pharmacological agents have demonstrated potential in reducing hepatic fibrosis through the modulation
of copper homeostasis.”?

Potential Mechanisms of Cuproptosis in HCC

HCC is a malignant tumor with a high global mortality rate and ranks as the fourth leading cause of tumor-related deaths
worldwide.”* The prognosis for HCC is still poor despite treatment advancements, therefore finding new therapeutic
targets is necessary.”” Recent studies have suggested a potential link between dysregulated copper metabolism and HCC
development.”® Cuproptosis, a newly discovered form of cell death, is closely associated with intracellular copper
accumulation.® Excessive copper disrupts intracellular iron metabolism, induces oxidative stress, and ultimately results in
cell death.”” In HCC cells, copper accumulation may promote tumor cell proliferation and metastasis, increasing the risk
of HCC.”® Cuproptosis-related genes (CRGs) are significantly upregulated in HCC and are associated with poor patient
prognosis, suggesting their potential as therapeutic targets.”® Clinical studies have reported elevated serum and hepatic
copper levels in HCC patients,'® which may be attributed to the downregulation of the ATP7B gene or increased cellular
copper uptake.lo1 Furthermore, aberrant copper metabolism has been demonstrated to impact the sensitivity of HCC cells

888 https: Journal of Inflammation Research 2025:18



Mao et al

to chemotherapeutic drugs, thereby influencing therapy effectiveness.'® Therefore, examining the pathways of copper
metabolism in hepatocarcinogenesis should yield new insights into the molecular pathogenesis of HCC and facilitate the
development of novel techniques for early diagnosis and therapy.'®?

Emerging evidence suggests that copper promotes ferroptosis in HCC, challenging the earlier view that ferroptosis is
exclusively iron-dependent. Copper-binding agents like DSF-copper and elesclomol-copper disrupt mitochondrial home-
ostasis, leading to oxidative stress and ferroptosis in HCC cells.'® Copper accumulation generates ROS in cancer cells,
which contributes to this process. Further, copper accelerates ferroptosis by inducing the autophagic degradation of
glutathione peroxidase 4 (GPX4). Copper chelators can specifically reduce sensitivity to ferroptosis without affecting
other cell death pathways. Conversely, exogenous copper enhances the ubiquitination and aggregation of GPX4 by
binding to its cysteine residues (C107 and C148). Tax1-binding protein 1 (TAX1BP1) then facilitates the degradation of
aggregated GPX4, triggering ferroptosis in response to copper stress.'®

Paradoxically, copper can also play an anti-ferroptosis role in HCC under certain conditions. For instance, copper
stabilizes hypoxia-inducible factor-1o (HIF1a) by inhibiting prolyl-4-hydroxylase domain (PHD) enzymes in HCC cells.
HIF1la, in turn, counteracts ferroptosis by upregulating genes involved in lipid metabolism. This suggests that intracel-
lular copper may prevent ferroptosis by enhancing HIFla expression.'® Supporting this, copper has been shown to
promote radioresistance in liver cancer cells by boosting HIF 1o, which increases the transcription of CP and SLC7AT11,
both of which inhibit ferroptosis. Thus, copper ions act as critical signaling molecules that modulate ferroptosis
sensitivity in HCC.'"” While the link between copper and ferroptosis has been recognized for decades, the precise
mechanisms governing their interactions remain unclear. Further investigation into the “metallic” cross-talk between
copper and other pathways in HCC is necessary to better understand their complex relationship.

Role of Copper Metabolism in Hepatitis B Virus (HBV) and
HCV-Associated Hepatitis

Although the role and mechanism of copper metabolism in the regulation of viral hepatitis are still unclear, several clinical
studies have suggested their relationship. Pramoolsinsap et al conducted a study on serum copper levels in young adult
patients during the early phase of acute HBV infection. Their findings revealed significantly elevated serum copper levels,
suggesting an alteration in copper metabolism during the acute phase of uncomplicated hepatitis.'”® Similarly, Kalkan et al
investigated serum trace elements, including copper, in patients with various types of viral hepatitis (A, B, C, D, and E)
compared to controls. They observed an increase in copper levels, attributing it to the body’s defense mechanisms and the
influence of hormone-like substances.'” The elevated serum copper levels are likely a result of inflammatory responses
triggered by the infection. Hatano et al demonstrated that liver copper content increases as liver fibrosis progresses. They
concluded that elevated copper levels may contribute to the enhancement of HCV infection.''® These results may suggest that
copper accumulation in the fibrotic liver caused by chronic HCV infection may cause liver damage.

Role of Copper Metabolism in ALD

Research investigating the relationship between copper metabolism and the underlying pathophysiology of ALD remains
relatively limited. Moreover, findings from these studies are often inconclusive and sometimes contradictory. For
instance, Shibazaki et al reported that individuals with excessive alcohol consumption tended to exhibit significant
copper deficiency, aligning with earlier evidence of disrupted copper metabolism in ALD patients.''" Conversely, another
study found that copper levels in ALD patients were either elevated or unchanged compared to healthy controls.''?
Unfortunately, most of these studies primarily focus on statistical comparisons of copper levels between patients and

healthy individuals, leaving the mechanistic role of copper imbalance in the pathogenesis of ALD largely unexplored.

Clinical Importance of Copper Metabolism and Cuproptosis
Drug Development Targeting Copper Metabolism Modulation

Recent advancements in copper metabolism and its role in various diseases have led to progress in the development of
therapeutic agents targeting this pathway.''® Current research aims to develop drugs that regulate copper homeostasis to
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provide therapeutic advantages for disorders linked to copper dysregulation. A study has investigated the potential of
using copper ions as drug carriers to improve the targeting and bioavailability of therapeutic compounds.''* Furthermore,
there is increasing interest in developing drugs that use the cuproptosis process to modify copper uptake and excretion,
thereby selectively inhibiting tumor development and making cancer cells more susceptible to traditional therapies.''
These approaches represent promising new strategies for cancer therapy and provide hope for the effective management

of other diseases linked to aberrant copper metabolism.

Clinical Studies and Therapeutic Perspectives of Abnormal Copper Metabolism
Dysregulation of copper metabolism plays a critical role in the pathogenesis of several disorders, particularly WD and
related metabolic disorders.''® Recently, there has been an increase in clinical research focused on elucidating aberrant
copper metabolism and assessing different therapy approaches. A comparative study evaluating the efficiency of several
treatment agents in WD patients demonstrated that specific drugs were more efficient in enhancing copper metabolism
and mitigating clinical symptoms.''” Furthermore, research has expanded to investigate the role of copper in several
disorders, including diabetes, where evidence indicates that copper deficiency may contribute to the onset of diabetic
complications. Therefore, regulating copper levels may alleviate these problems and enhance patient outcomes.''® As our
understanding of the molecular mechanisms regulating copper metabolism deepens, more precise and efficacious
therapeutic options will probably develop for addressing disorders linked to aberrant copper metabolism.

Interventions Targeting Copper Metabolism for Liver Disease Treatment

Focusing on copper metabolism has demonstrated considerable promise in the management of liver disorders.
Investigations into the processes of cuproptosis indicate that adjusting copper intake and excretion may serve as
a viable therapeutic strategy for hepatic disorders resulting from copper dysregulation, including WD and NAFLD.'"”
In WD patients, copper accumulation in the liver leads to hepatic damage, and treatment with copper-chelating agents has
been shown to significantly improve liver function by reducing copper overload.'?* Research on NAFLD has demon-
strated that dysregulation of copper metabolism is significantly linked to the onset of hepatic steatosis. Modifying dietary
copper consumption has been suggested as a viable approach to enhance hepatic lipid metabolism, thereby mitigating the
manifestations of fatty liver disease.'?! The findings indicate that therapeutic interventions aimed at copper metabolism
may apply to other liver diseases, warranting future research into their potential use in a wider range of hepatic
conditions beyond those presently examined.

Future Research Directions and Challenges
There are still many obstacles in the way of completely understanding this new type of cell death, even with the
encouraging preliminary results in cuproptosis research. More research is required to fully understand the exact
molecular mechanisms driving cuproptosis and how copper affects cellular metabolism and communication pathways
that cause cell death.'?? Clinical trials must also thoroughly assess the safety and therapeutic potential of focusing on
copper metabolism, particularly in light of different cancer types and liver diseases. For copper-modulating therapies,
figuring out the ideal therapeutic window and dosage is essential to reducing possible adverse effects and maximizing
effectiveness. Moreover, the interactions between copper and other trace elements, such as zinc and manganese, require
comprehensive investigation to understand their collective impact on both physiological and pathological processes.'*
GSH (glutathione) serves as a central player in both ferroptosis and cuproptosis, though its roles differ significantly. In
ferroptosis, GSH functions as a key antioxidant, preventing lipid peroxidation (LPO). Conversely, in cuproptosis, it acts
as a copper chaperone, binding to copper ions to reduce the aggregation of fatty-acylated proteins.’>'** Recent studies
have shown that the GSH inhibitors Erastine and buthionine sulphoximine (BSO), by inhibiting GSH synthesis, induce
ferroptosis and cup death.'?> These studies all suggest that there is a bridge between ferroptosis and copper death, but
whether ferroptosis and copper death directly affect each other is not known.

Future research must prioritize the identification of specific biomarkers for cuproptosis across various diseases,
investigate the clinical applications of therapeutic interventions, and develop personalized strategies for modulating
copper metabolism to advance the field further. In conclusion, discoveries in copper research have broadened our
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knowledge of the mechanisms behind disease and opened the door to innovative treatment approaches. The prospects for
therapeutic uses of copper-based treatments will get more encouraging as research advances.
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