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Abstract

Copper (Cu) plays a crucial and diverse function in biological systems, acting as a cofactor at numerous
sites of enzymatic activity and participating in various physiological processes, including oxidative stress
regulation, lipid metabolism, and energy metabolism. Similar to other micronutrients, the body regulates
Cu levels to ensure homeostasis; any disruption in Cu homeostasis may result in various illnesses.
Cuproptosis causes proteotoxic stress and ultimately results in cell death by the binding of Cu ions to
lipid-acylated proteins during the tricarboxylic acid cycle of mitochondrial respiration. Cu is not only
involved in regulatory cell death (RCD), but also in exogenous factors that induce cellular responses and
toxic outcomes. Cu imbalances also affect the transmission of several RCD messages. Therefore, this
article presents a thorough examination of the mechanisms involved in Cu-induced RCD as well as the

role of Cu complexes in its pathophysiology.
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1. Introduction

Copper (Cu) is an essential transition metal that
serves as a cofactor for various enzymes and
participates in crucial biological processes that
maintain normal cellular metabolism and growth.
Under typical physiological and chemical conditions,
Cu* is reduced to Cu?* [1]. Cu ions play a role in
numerous biochemical reactions by donating or
accepting electrons [2]. These ions also act as cofactors
or structural components of proteins or enzymes that
regulate several physiological processes such as
mitochondrial respiration, energy metabolism, and
antioxidants [3, 4]. Imbalanced Cu ion levels lead to

oxidative stress and abnormal cellular autophagy,
resulting in various Cu-or Cu ion-related diseases [5].
Exposure to extraterrestrial sources causes an
imbalance in the intracellular Cu metabolic balance,
leading to cytotoxic and organism-damaging effects
[6]. Regulated Cell Death (RCD) is a universal process
in living organisms essential for maintaining tissue
homeostasis and responding to various stressors. Its
primary function is to eliminate non-functional or
potentially harmful cells, contributing to overall
biological equilibrium. RCD is critical for cell
homeostasis, tissue remodeling, and disease
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processes. Unlike accidental cell death (ACD), which
lacks control, RCD relies on dedicated molecular
machinery. It operates during both physiological
conditions, such as embryonal development (referred
to as "programmed" cell death), and pathological
conditions like infection. These RCD forms differ in
duration, morphology, and inflammatory conseq-
uences, with complex and interconnected molecular
mechanisms [7]. However, the mechanisms of
cytotoxicity and cell death induced by excessive Cu
exposure are not yet fully understood. This form of
programmed cell death induced by Cu, known as
cuproptosis [8], is distinct from other RCD pathways
and relies on mitochondrial respiration. In this article,
we summarize the latest research on Cu metabolism
and its involvement in exogenous exposure-induced
RCD, as well as its regulatory mechanisms [9, 10]. We
also provide an outlook for Cu-dependent RCD
research to offer new insights into interventions for
the toxic damage and diseases associated with Cu
metabolic dysfunction.

2. Role of Cu in Regulating Cellular
Processes

The presence of Cu and its stability in living
organisms are determined by the delicate balance
between the amount and distribution of its different
ionic forms [11]. Cu exists in two distinct ionic states:
Cut* (sub-Cu ions, reduced) and Cu?* (Cu ions,
oxidized), which are involved in regulating various
cellular, physiological, and pathological functions
[12]. Cu?* present in the extracellular milieu binds to
and governs the interplay between cell membrane
receptors and growth factors, whereas intracellular
Cu* primarily exists in the Cu* state, acting as a
structural modifier and/or oxidative reducer, either
directly or by inhibiting phosphatases, thereby
modulating the initiation state of growth factors at the
membrane receptor level. Cu* in the cytoplasm
directly regulates kinase activity by modifying its
structure or inhibiting phosphatases. In the nucleus,
Cu* regulates gene expression and subsequent protein
synthesis by binding to transcription factors [13].

2.1. Processes Involved in the Uptake and
Distribution of Cu

The distribution and stability of Cu in the body is
determined by its absorption, transport, storage, and
excretion within organisms and cells [14]. It is mainly
in the form of Cu?* outside the cell and is reduced to
Cu* by reductive enzymes (e.g., the STEAP family) on
the cell surface before absorption [15]. Cu ions in the
form of Cu* are predominantly absorbed in the
intestine, where the Cu transporter 1 (CTR1) trimer in
the intestinal epithelial cell membrane plays a highly

specific role in Cu* uptake [16] (Figure 1). In the
bloodstream, Cu binds to plasma proteins such as
ceruloplasmin (CP), albumin, and transcopalbumin,
which transport it to organs and tissues [13].
Peripheral and liver tissue cells utilize Cu-transport-
ing ATPase alpha (ATP7A) and b (ATP7B),
respectively, for Cu uptake and efflux [17]. ATP7A
transports Cu to the portal vein, where it reaches the
liver from the peripheral loop. Consequently, the liver
acts as the primary trapper, distributor, and excretor
of Cu; the latter subcellular distribution and targeting
to various Cu proteins are regulated by the Golgi
network and vesicles [16, 17]. Cu contained within
intestinal epithelial cells or hepatocytes contributes to
the biosynthesis of Cu-zinc superoxide dismutase 1
(SOD1) in concert with Cu-specific partner proteins.
SOD1 is a critical component of the antioxidant
enzyme system that is indispensable to the
maintenance of living organisms [18, 19]. Cu in
hepatocytes can be released into the bloodstream for
distribution elsewhere or transported to the bile for
excretion [20]. ATP7A facilitates the passage of Cu
across the blood-brain barrier into the brain, whereas
ATP7B regulates the intracellular excretion of Cu. In
the presence of excess Cu, Cu* in the cytoplasm of
hepatocytes is bound by the Cu partner protein
antioxidant 1, which binds to the N-terminal
metal-binding domain of ATP7B and is transferred to
the bile duct membrane for the excretion of excess Cu
from the body [21].

2.2. The Role of Cu in Mammalian
Mitochondria

Mitochondrial function and Cu storage are
closely linked [5, 17], and the Cu-binding protein,
COX17, plays a critical role in the transfer of Cu* from
the cytoplasm to the mitochondrial intermembrane
space. Cu is then passed to cytochrome oxidase-
defective homologue 1 and next to the cytochrome C
oxidase (CCO) II and I subunits, where it initiates
enzyme activity in the respiratory chain. The exact
mechanism of cytosolic Cu* transfer to the
mitochondrial compartment remains unknown,
although a novel Cu ligand from the mouse liver may
be involved [1, 6]. Nevertheless, imbalance in Cu
homeostasis, such as the excessive accumulation or
faulty transportation of Cu, may have detrimental
effect on cells when its intracellular concentration
surpasses the threshold sustained by homeostatic
mechanism [22, 23]. Severe Cu deficiency may lead to
impaired energy production caused by mitochondrial
CCO dysfunction, whereas excessive intracellular Cu
levels may contribute to the development of various
diseases [24].
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Figure 1. Molecular mechanisms of cuproptosis triggered by excess Cu. Elesclomol binds to Cu ions (Cu2*) in the extracellular environment and transports it to the intracellular
compartment. Additionally, reductase enzymes convert Cu2* to Cu* to enable its entry into the cell. The accumulation of Cu inside the cell leads to Cu sagging, primarily through
FDX1-mediated mitochondrial protein toxic stress. FDXI reduces Cu?* to Cu* and promotes the lipidation and aggregation of enzymes that regulate the mitochondrial TCA
cycle, especially DLAT. Conversely, FDXI causes the destabilization of Fe-S cluster proteins. Apart from Cu ion carriers, Cu importers (e.g., SLC31Al) and exporters (e.g.,
ATP7B) affect intracellular Cu* levels and modulate the sensitivity to Cu-induced apoptosis. The thiol-containing Cu chelator, GSH, blocks cuproptosis.

3. Molecular Mechanism of Cuproptosis

The intracellular accumulation of copper ions,
often referred to as Cu, is a key contributor to the
initiation of regulated cell death (RCD), a process
known as 'cuproptosis." Cuproptosis represents a
specific form of RCD that is triggered when copper
levels exceed a certain threshold within the cell. This
excessive copper accumulation can occur due to
various factors, including environmental exposure or
disruptions in cellular copper homeostasis [25].
Cuproptosis involves a rare post-translational
modification of lysine, called protein lipidation, which
results in the accumulation of lipoylated proteins that
disrupt normal mitochondrial metabolism and induce
RCD. In mammals, only four enzymatic complexes of
lipoylated proteins have been identified, including
those involved in the tricarboxylic acid cycle (PDH,
alpha-ketoglutarate PDH, and KDH), branched-chain
amino acid metabolism (BCKDH), and glycine
metabolism (GCV) [26, 27]. These enzymes are critical
for maintaining normal mitochondrial metabolism
and, when combined with Cu ions, lead to the
accumulation of lipoylated proteins and mitochon-
drial metabolic dysfunction [20, 28].

Briefly, Cu?* accumulates excessively in cells
depending on mitochondrial respiration (Cu?* is
transported into the cell via Cu ion carriers), and it
binds to thioredoxylated DLAT, inducing DLAT
heterodimerization. Increased levels of insoluble
DLAT lead to cytotoxicity and induce RCD [1, 29].
FDX1 (a reductase, a direct target of elesclomol), as an
upstream regulator of protein thioctylation modifica-
tion, is involved in regulating the thioctylation of
proteins, including DLAT, on the one hand [8, 23]. In
contrast, FDX1 reduces Cu?* to the more toxic Cut,
leading to the inhibition of Fe-S cluster protein
synthesis and the induction of RCD. Dysregulation of
Cu homeostasis leads to RCD: Cu homeostasis is
mainly dependent on three Cu transport proteins,
SLC31A1, ATP7A/B, and SLC31A1, which are
responsible for its uptake, and ATP7A and ATP7B,
which are responsible for Cu export [30] (Figure 1).
The dysregulation of Cu homeostasis leads to cell
death through a mechanism consistent with that of Cu
ion carrier-induced RCD.

In the absence of extracellular Cu?*, elesclomol is
not cytotoxic. When extracellular Cu?* was chelated
with a Cu chelator that was not permeable to the cell
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membrane, the uptake of Cu?* and cytotoxicity of
elesclomol was blocked [31]. After the entry of
Elesmol-Cu?* complex into mitochondria, Cu?* was
reduced to Cu* and reactive oxygen species were
generated. After dissociation of the elesclomol-Cu?*
complex, elesclomol exits the cell to the extracellular
compartment and forms a new elesclomol-Cu?
complex, which transports Cu?* from the extracellular
compartment to the intracellular compartment,
leading to the continuous accumulation of Cu in the
mitochondria and eventually inducing apoptosis [32].
It is worth noting that the mitochondrial selectivity
exhibited by elesclomol is a unique feature of this
compound that is not shared by other Cu chelators
[32]. Elesclomol has been shown to directly target
FDX1, which encodes a reductase enzyme that
reduces Cu?* to the more toxic Cu* [27]. Zhang et al
[33] have found that FDX1 is associated with ATP
production and demonstrated that FDX1 is closely
related to glucose metabolism, fatty acid oxidation,
and amino acid metabolism. Similar to the roles
played by FDX1, LIAS, LIPT1, and DLD are involved
in fatty acid metabolism, whereas DLAT, PDHALI,
PDHB, MTF1, GLS, and CDKN2A are associated with
pyruvate dehydrogenase complex formation [34].
Inhibition of FDX1, a crucial regulator of lipoylation-
related proteins, prevents Cu-induced cell death [25].
Cu toxicity is closely related to mitochondrial activity,
which may be related to higher levels of lipoylated
proteins in cells with vigorous mitochondrial
metabolism and an active citric acid cycle [11].

These findings highlight the crucial role of FDX1
and fatty acid acylation in the regulation of
Cu-induced RCD, a highly conserved post-transla-
tional lysine modification from bacteria to mammals
[27, 33]. Single-knockout experiments have shown
that deleting FDX1 and LIAS leads to cellular
resistance to Cu-induced RCD, and database analysis
has confirmed a direct correlation between FDX1 and
fatty acid acylation [26]. Furthermore, the expression
of iron-sulfur cluster proteins is reduced and their
abnormal assembly during Cu-induced cell death has
been reported [35]. Iron-sulfur cluster proteins play
important roles in various cellular processes such as
electron transport, maintenance of genomic stability,
and regulation of gene expression [12, 28]. Higher
levels of lipoylated proteins in cells with active
tricarboxylic acid cycle and high mitochondrial
metabolism may explain the close relationship
between Cu toxicity and mitochondrial activity [15,
36]. The mechanism underlying Cu-induced RCD
involves the direct binding of Cu ions to lipidated
proteins of the mitochondrial tricarboxylic acid cycle
during respiration, which leads to the accumulation of
lipidated proteins. This, in turn, results in the

downregulation of the expression of iron-sulfur
cluster proteins, causing proteotoxic stress, ultimately
leading to RCD [25, 37].

4. The mechanism underlying
Cu-induced RCD

Cu is involved in the activity of several
metalloenzymes and plays a vital role in cellular
mitochondrial respiration [22]. Excess intracellular Cu
is transported to the mitochondria via ion carriers and
directly binds to lipid-acylated components of the
mitochondrial respiratory tricarboxylic acid cycle [24].
This process results in the aggregation of lipid-
acylated proteins and loss of iron-sulfur cluster
proteins, ultimately leading to differential RCD. In
this article, we comprehensively examine the
multifaceted regulatory cellular pathophysiology of
Cu-induced apoptosis, necroptosis, pyroptosis,
ferroptosis, and autophagy.

4.1. Molecular mechanism of Cu-induced
apoptosis

Apoptosis is a common form of programmed cell
death or RCD in eukaryotic cells [7, 38]. When the
internal environment of a cell is disturbed by such as
DNA replication errors or damage, endoplasmic
reticulum stress, reactive oxygen species overload, or
in response to external environmental stimuli,
endogenous or exogenous apoptosis can be triggered
to regulate cellular physiology and pathology [39, 40].
Exposure of the body to large amounts of exogenous
Cu substances and excessive uptake of Cu?* increases
the production of hydroxyl radicals and the level of
intracellular reactive oxygen species, leading to
enhanced lipid peroxidation, which in turn leads to
oxidative stress and apoptosis [32]. Furthermore, RCD
induced by Cu ions can be amplified by CTR1 overex-
pression, and intracellular depletion of glutathione
(GSH) and synaptic nuclear protein overexpression
can aggravate Cu toxicity in dopaminergic cells by
modulating protein degradation pathways [30, 41].
Cu induces apoptosis via the endoplasmic reticulum
unfolded protein response, endoplasmic reticulum
stress, and oxidative stress. Wu ef al [42] have found
that the mRNA and protein levels of the CHOP, JNK,
and Caspase-12 pathway molecules have been
elevated in CuSOg-treated ICR mouse liver cells,
activating the corresponding pathways to increase
apoptosis and produce granular and vacuolar
degenerative damage. Liu et al. [43] have further
verified in CuSOy-treated mice that high doses of Cu?*
exposure induce oxidative stress through increased
levels of reactive oxygen species and protein carbonyl
compounds, and decreased GSH levels and mRNA
and enzyme activities, such as SOD. These result in
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mitochondrial membrane potential depolarization,
cytochrome c¢ release, cleavage of caspase-9 and
caspase-3, BAK and BAX levels increase and BCL-2
level decreases, inducing apoptosis (Figure 2).

The ubiquitin-proteasome-mediated proteolytic
system regulates the expression and activity of
various proteins involved in cellular processes such as
the cell cycle, proliferation, and apoptosis [44]. Protein
degradation by this proteolytic system involves two
pathways: ubiquitination and degradation. Ubiqui-
tination refers to the selective recognition of target
proteins by the proteasome complex through
ubiquitin tagging of target proteins for their
degradation (Figure 2). Currently, protease inhibitors,
such as bortezomib, are widely used in the treatment
of myeloma multiforme and have shown strong
antitumor activity [45, 46]. Disulfiram-Cu?* complexes
can block upstream signaling of the proteolytic
system and impair the degradation of ubiquitinated
proteins that are dependent on ubiquitination-
dependent ATP synthase [47]. Cu is more frequently
recognized for its ability to trigger apoptosis through
endogenous apoptosis-like stress damage associated
with organelles, such as the mitochondria and

intracellular
accumulation of Cu*

y DNA damage

o
e
& A

MU DO N

endoplasmic reticulum. The modulation of organelle
stress damage processes has the potential to disrupt
Cu-induced apoptosis and influence regression [19,
48, 49].

4.2. Molecular mechanism of Cu-induced
necroptosis

Necroptosis is a type of RCD with morphological
similarities to necrosis, characterized by the loss of
plasma membrane integrity, cytoplasmic translu-
cency, increased cell volume, and organelle swelling
[40, 50]. Similar to apoptosis in mechanism, necrop-
tosis is predominantly regulated by receptor-
interacting protein kinase 1 (RIPK1), RIPK3, and
mixed lineage kinase domain-like protein (MLKL),
which collectively form a necrosome and play a
crucial role as a signaling hub [38, 51]. Cu-induced
necroptosis and toxic damage through DNA damage,
which depend on reactive oxygen species, have been
observed. Cu ions are the most abundant metal ions in
the nucleus. When cells are treated with CuCl,, Cu?*
enters the nucleus to bind to DNA and cause its
breakage [52, 53]. Necroptosis inhibitors, such as
Nec-1 or z-VAD-FMK, have been shown to mitigate

Apoptosis

NPL4/p97
aggregation

Proteasome
inhibition

Accumulation

Figure 2. Molecular mechanisms of apoptosis triggered by excess Cu. Excess Cu is transported into cells via the Cu transporter, CTRI, resulting in a significant buildup of
intracellular super radicals. This accumulation triggers cyclin A/Cdk2/MAPK/JNK activity and induces mitochondrial stress, causing the translocation of pro-apoptotic proteins
(such as BAX and BAK) to the outer mitochondrial membrane. This event leads to the release of cytochrome ¢ and the formation of apoptosome, which activates caspases and
contributes to DNA damage. Cu also facilitates NPL4/p97 polymerization and inhibits the proteasome, leading to enhanced endoplasmic reticulum stress and ultimately resulting

in apoptosis.
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Figure 3. Molecular mechanisms of necroptosis triggered by excess Cu. Upon exposure to excessive Cu, cells activate the assembly of necroptosomes by allowing MLKL pore
entry and upregulating MLKL levels. This not only provides components for MLKL pore assembly but also leads to MLKL translocation to the nucleus, thereby regulating NF-kB
transcriptional activity. Cu overload also triggers downstream regulators of TNF/TNFR, including clAP1/TRADD/RIPK1/TRAF2 complexes that regulate the protein levels of
NEMO and TAB2/3, as well as IkBa activity, which in turn modulates NF-«B transcription. Furthermore, LUBAC is recruited to the activated TNF receptor complex by
recognizing ubiquitin chains generated by other E3s, and it ligates linear chains to NEMO. The UBAN structural domain of NEMO in another IKK complex recognizes the linear
chains bound to NEMO, resulting in the dimerization of the IKK complex, autophosphorylation of IKK2, and subsequent activation of NF-kB.

Cu?*-induced apoptosis. However, the toxicity of Cu?*
requires higher concentrations and longer duration of
action than the cytotoxicity of Cd?* to achieve toxicity
levels similar to those of Cd?* [38] (Figure 3).

4.3. Molecular mechanism of Cu-induced
pyroptosis

Pyroptosis is a form of RCD that is triggered by
inflammatory vesicles that eliminate damaged cells
and initiate inflammatory responses [10, 14]. Various
factors can induce pyroptosis, which is typically
activated by injury or pathogen-associated molecular
patterns that stimulate the NOD-like receptor family
pyrin domain-containing protein 3 (NLRP3), bacterial
infection that induces the CARD-containing NLR
family protein 4 (NLRP3), activation of the
NLR-family CARD-containing protein 4 (NLRC4) in
response to bacterial infection, and the absence of the
PYHIN family member in melanoma 2 (AIM2) in
response to abnormal double-stranded DNA.
Activation of these inflammasomes leads to the
activation of caspase-1 and cleavage of pro-IL-1p and
pro-1L-18 [54].

Cu exposure induces NLRP3-dependent cellular

pyroptosis, which mediates inflammatory responses
and neurological toxicity [7]. Deigendesch et al. have
shown that Cu mediates macrophage pyroptosis and
participates in the regulation of inflammatory
response via the NLRP3 inflammatory vesicle-
initiated pathway. In a mouse model of acute
inflammation pretreated with the Cu chelator, TTM,
serum caspase-1-dependent cellular factors were
reduced, whereas caspase-l1-independent cellular
factors were not affected [55, 56]. The impaired
utilization and depletion of Cu in organisms may
specifically inhibit caspase-1-dependent inflamma-
some activation and mediate systemic damage.
Previous studies have also shown that the combined
treatment of CuCl, and lipopolysaccharide of primary
microglia in non-mutant control mouse origin has
revealed time-dependent increase in NLRP3, cleaved
caspase-1, and ASC and IL-1P protein levels. CuCl,
exposure has been suggested to trigger NLRP3
activation-mediated inflammation and subsequent
neurotoxicity in microglia [57]. Hepatocytes are the
major targets of Cu damage and toxicity. Excessive Cu
exposure induces, caspase-1-dependent cellular
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pyroptosis, which mediates hepatocyte toxicity.
Hepatocytes treated with CuSO, and cocultured with
N-acetylcysteine (NAC) have shown elevated mRNA
levels of Cu?-induced pyroptosis-related genes and
caspase-1 protein expression. Treatment with the
caspase-1 inhibitor Z-YVAD-FMK in combination
with Cu?* has resulted in a cell morphology closer to
that of mnormal hepatocytes and attenuated
Cu?*-induced an increase in lactate dehydrogenase,
aspartate aminotransferase, and alanine aminotrans-
ferase activities, mitochondrial membrane potential,
and reduced apoptosis. These results suggest a
correlation and signaling pathway crosstalk between
Cu exposure-induced apoptosis and pyroptosis [42,
57] (Figure 4).

4.4. Molecular mechanism of Cu-induced
ferroptosis

Ferroptosis depends on iron ions and is
characterized by disturbance in iron homeostasis and
the accumulation of reactive oxygen species in lipids
[58]. Two primary pathways that induce iron-
dependent ferroptosis have been described [59]. The
first is the exogenous pathway, which involves the
inhibition of cell membrane transport proteins such as
cystine/glutamate transport proteins or the activation

IL-1B o: W

‘ ‘ N-GSDMD
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® @ |nflammation

GSDMD pore

Pore
assembly

of iron transport proteins such as transferrin and
lactotransferrin. The second is the endogenous
pathway, which is initiated by the inhibition of
intracellular antioxidant enzymes such as glutathione
peroxidase 4 (GPX4) [10, 58, 60].

Previous studies have demonstrated that
ferroptosis is modulated by various cellular metabolic
processes, including homeostasis of redox and iron,
mitochondrial activity, metabolism of amino acid,
lipid, and glucose, and disease-related signaling
pathways. Defense mechanisms and regulation of
ferroptosis are supported by antioxidant systems
located in different parts of the cell, such as the
GPX4-GSH system in the cytoplasm and
mitochondria [61].

Despite not preventing elesclomol-induced RCD,
the combined treatment of elesclomol and Cu in colon
cancer cells results in the accumulation of reactive
oxygen species and the degradation of solute carrier
family 7 member 11 (SLC7A11), which is closely
linked to ferroptosis. The administration of
ferroptosis inhibitors has been shown to reduce
elesclomol-induced RCD. It is hypothesized that
Cu-induced RCD represents a form of Cu-dependent
ferroptosis [25]. This implies that elesclomol induces a
unique type of Cu-dependent RCD that is impervious

Pyroptosis

Expression of
inflammasome genes

Nirp3, Nirc4,
Pycard, Il1b

_

Figure 4. Molecular mechanisms of pyroptosis triggered by excess Cu. Excessive Cu influx through CTRI leads to mitochondrial stress and activation of the
caspase-3/GSDMD-dependent pyroptosis signaling pathway. GSDMD, downstream of caspase-3, forms an N-terminal domain that perforates the cell membrane, causing cell
swelling, rupture, and release of inflammatory factors and DAMPs. Moreover, GSDMD is the effector protein of caspase-8/ASC/11, which undergoes cysteine cleavage to
generate the N-terminal domain and promote pyroptosis. The GSDMD-dependent cell death pathway is mainly triggered by various aberrant signals, including the release of
inflammatory factors that initiate a cascade of intracellular inflammatory responses (e.g., NF-kB).
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to apoptosis inhibitors and ferroptosis antagonists. An
overabundance of Cu*/Cu?* and Fe?*/Fe¥* can
adversely affect cellular function by catalyzing the
production of reactive hydroxyl radicals through the
Fenton reaction, causing severe oxidative damage and
RCD [37]. Therefore, ferroptosis acts as a hub
connecting metabolism, redox biology, and disease by
facilitating RCD (Figure 5).

4.5. Molecular mechanism of Cu-induced
autophagy

Cellular autophagy, a type II programmed cell
death process, can be classified into three types:
microautophagy, molecular chaperone-mediated
autophagy, and macroautophagy [62]. Microauto-
phagy involves direct wrapping and degradation of
materials by the lysosomal membrane. Molecular
chaperone-mediated autophagy involves the specific
binding of target proteins to KFERQ motifs by the
molecular chaperone HSP70 homologs, guiding them
to the lysosome for degradation [63]. Macroauto-
phagy occurs in response to internal or external
stimuli, in which a portion of the cytoplasm, damaged
organelles, proteins, and other components are
wrapped in a cytoplasmic inner membrane structure
to form autophagosomes. Autophagosomes fuse with
lysosomes to form autophagic lysosomes, and their
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contents are broken down by lysosomal hydrolases to
meet the metabolic needs of cells and renew their
organelles [60].

Cu-induced RCD occurs through the autophagy
and mitochondrial autophagy pathways. When
normal human lung bronchial epithelial cells are
exposed to Cu?*, RNA microarray analysis has shown
increased expression of heat shock response,
ubiquitin-related, and autophagy-regulated genes.
This implies that Cu?* triggers proteasomal
degradation, leading to the removal of misfolded and
aggregated protein complexes from the cytoplasm via
autophagy [19]. In a study by Luo et al. [64], mouse
mononuclear macrophages that have been treated
with CuSO, exhibit an increased level in mitochon-
drial reactive oxygen species which induce autophagy
and autophagosome formation. Autophagy-related5
(Atgb5) knockdown inhibits autophagy and enhances
CuSOg-induced apoptosis. Yang et al. [65] have
discovered that hepatocytes exposed to excess Cu
display varying degrees of nuclear membrane
disruption, chromatin condensation and fragmenta-
tion, and mitochondrial swelling and vacuolization,
with an increase in the number of TUNEL-positive
cells. This suggests that Cu induces mitochondrial
damage and apoptosis. The increased number of
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Figure 5. Molecular mechanisms of ferroptosis triggered by excess Cu. The transport of excess Cu into cells induces mitochondrial stress and activates the SLC7Al | signaling
pathway, leading to ferroptosis. This process is triggered by the inhibition of systemic Xc- or GPX4 activity, ultimately resulting in cell death. The peroxidation of PUFA is believed
to be a significant contributor to lipid ROS production during ferroptosis. Additionally, excess Cu-iron is essential for the execution of ferroptosis. It promotes the degradation
of ATP7ALI 1, leading to Cu retention in cells, ROS accumulation, and GPX4 activation. The latter is a key regulator of iron death that inhibits lipid ROS production by catalyzing

the reduction of lipid hydroperoxides.
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apoptosis is associated with mitochondrial damage.
Furthermore, mitochondrial autophagy triggered by
the PINK1/Parkin pathway can reduce apoptotic
damage. The regulation of mitochondrial damage
through Cu imbalance triggers the activation of
ATG-related proteins and promotes cell-initiated
autophagy (Figure 6).

5. Therapeutics Strategies for Targeting
Cu-induced RCD

Therapeutic approaches to address Cu-induced
regulated cell death, known as cuproptosis,
encompass a wide array of interventions designed to
prevent or alleviate the detrimental consequences of
excessive copper accumulation inside cells. The
objective of this field is to identify and create
therapeutic methods that could offer potential
treatments for disorders in which cuproptosis is a
notable factor, ultimately aiming to enhance health
outcomes and deter cell death resulting from copper
overload.

5.1. Potential treatment against Cu-induced
apoptosis

Previous research has shown that increased
levels of Cu in the bloodstream and tumor tissues of

cancer patients are strongly linked to the stage and
progression of certain cancer types [19]. Accumula-
tion of Cu in cancerous tissues has become an
attractive target for the development of anticancer
drugs. Two main approaches have been tested to
induce apoptosis by targeting Cu in preclinical and
clinical settings. The first method involves the use of
Cu chelators such as D-penicillamine, tetrathiomoly-
bdate (TTM), and tretinoin to directly bind Cu and
reduce its bioavailability. The second method uses Cu
ion carriers such as disulfiram (DSF), docosahexa-
enoic acid, and thiosemicarbazone to increase
intracellular Cu ion levels, generate reactive oxygen
species, inhibit proteasomes, and induce apoptosis
[32, 66].

Among these methods, one involves the binding
of elesclomol to extracellular Cu, followed by the
selective transportation of elesclomol-Cu?* complexes
into cells and their subsequent entry into
mitochondria. In the mitochondria, Cu?* is reduced to
Cu*, which induces the generation of a significant
number of reactive oxygen species, triggering
apoptosis and resulting in an antitumor effect on
diverse cancer cells [32]. Additionally, it has been
shown that DSF or metabolites conjugated with Cu
are inhibitors of functional proteasome-related
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Figure 6. Molecular mechanisms of autophagy triggered by excess Cu. The cellular uptake of excess Cu through CTRI regulates the autophagy mechanism. Cu increases the
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ATOXI1/ATP7A/ATP7B pathways. The induction of endoplasmic reticulum stress by Cu disturbs the fusion phase of autophagy. Furthermore, Cu hinders the degradation phase

of autophagy through a complex mechanism.
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proteins in many cancers, leading to the accumulation
of cytotoxic protein aggregates of polyubiquitinated
proteins and important proteins such as IxB, p27, and
c-Myc, resulting in cell cycle arrest and subsequent
apoptosis [45]. DSF-Cu complexes have been reported
to possess the ability to inhibit NF-xB activity, induce
apoptosis, sensitize cancer cells to anticancer drugs,
and inhibit epithelial mesenchymal transition in
hepatocellular ~ carcinoma  [67].  Furthermore,
researchers have improved the stability, metabolism,
and plasma half-life of DSF by optimizing drug
assembly and delivery strategies to exploit its ability
to target Cu metabolic regulation and mediate its
anticancer effect [68].

5.2. Potential treatment against Cu-induced
necroptosis

Cu ions and compounds have the potential to
induce necroptosis and may be utilized for tumor
chemoprevention and targeted intervention [53].
Plant compounds such as polyphenols are known to
act on blood-separated lymphocytes, generating
reactive oxygen species during the reduction of Cu?*
to Cu* and its reoxidation, and binding chromatin,
causing DNA breakage; in addition, the role of Cu?* in
DNA damage has been demonstrated using Cu
chelators [69]. Therefore, using compounds with
selective cytotoxic properties for tumor cells (but not
for non-tumor cells) with high Cu concentrations, it is
possible to induce necroptosis and mediate tumor
chemoprevention [70]. The combination of CuS-NiS;
nanomaterials, which are used for clinical imaging
diagnosis and have photothermal/photodynamic
therapeutic properties, can induce the production of
reactive oxygen species in human gastric cancer cells
and initiate RIPK1/RIPK3/MLKL necrosome
formation. Interference with MLKL decreases capping
actin protein (CAPG) content, confirming that
MLKL/CAPG-induced necroptosis  significantly
reduces tumor volume in mice [53]. A Cu-mediated
18F-labeled positron emission tomography radio-
tracer, CNY-07, has been shown to target RIPK1
through the blood-brain barrier to characterize the
occurrence of necroptosis in the brain and to perform
in vivo imaging; in combination with RIPK1 inhibitors
such as Nec-1 and DL747, it has been found to be
more effective in the treatment of some brain diseases.
Cu-related necroptosis has potential applications as a
biomarker for disease diagnosis, drug evaluation, and
molecular mechanism research [71].

5.3. Potential treatment against Cu-induced
ferroptosis

Targeting the intracellular Cu-induced modula-
tion of cellular ferroptosis can be applied to enhance

the sensitivity of antitumor effects. Ferroptosis can be
used as a target for cancer vulnerability [61]. Cu
stimulates ferroptosis through oxidative stress,
suggesting that the design of new Cu complexes
based on their structural and biological characteristics
could make Cu complexes (elesclomol) and chelators
potential anticancer agents [32]. Gao et al. [72] have
used elesclomol to increase Cu?* levels in the
mitochondria, decrease ATP7A expression, retain
Cu?*, accumulate reactive oxygen species, promote
SLC7A11 degradation, enhance oxidative stress, and
induce iron chelation in colorectal cancer cells. DSF
has great potential in human cancer therapy and can
be used in combination with antitumor drugs to
enhance their effects [73, 74]. Sun et al. [75] have used
synthetic FeCuS-lipid nanoparticles to induce
ferroptosis in human gastric cancer cells, whereas Ren
et al. [76] have found that a combination of DSF/Cu
and sorafenib can inhibit tumor growth in an animal
model of hepatocellular carcinoma. Yang et al. [77]
have shown that regulating intracellular Cu-Fe
homeostasis through the HIFla/CP expression
feedback loop can enhance HCC cell ferroptosis and
radiosensitivity. Therefore, it is important to
investigate the signaling pathways and molecular
mechanisms involved in Cu-induced cellular
ferroptosis to understand its role in toxic damage and
tumor prevention.

5.4. Potential treatment against Cu-induced
pyroptosis

The studies discussed here collectively encom-
pass therapeutic approaches aimed at mitigating
copper-induced pyroptosis, a regulated form of cell
death associated with excessive copper accumulation.
These strategies seek to ameliorate the adverse
consequences of intracellular copper overload and
offer potential treatments for conditions where
copper-triggered apoptosis plays a pivotal role,
ultimately leading to improved health outcomes. In
the study by Liao et al, the focus was on
understanding the impact of copper on hepatocyte
pyroptosis and its intricate relationship with
apoptosis. Their findings revealed that surplus copper
induces pyroptosis through the generation of reactive
oxygen species (ROS) within hepatocytes. The inhibi-
tion of caspase-1-dependent pyroptosis emerged as a
potential  therapeutic avenue for attenuating
copper-induced apoptosis [78]. Furthermore, the same
group of researchers delved into the association
between endoplasmic reticulum (ER) stress and
pyroptosis in the context of copper-induced jejunal
toxicity. Excessive dietary copper was found to induce
both ER stress and pyroptosis in porcine jejunal
epithelial cells. Interestingly, interventions targeting
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ER stress with specific inhibitors alleviated copper-
induced pyroptosis, shedding light on a previously
unexplored facet of copper toxicity [14]. Deigendesch
et al. embarked on an investigation into the role of
intracellular copper in activating the NLRP3
inflammasome—a pivotal player in pyroptosis and
inflammatory responses. Their results underscored
the significance of intracellular copper homeostasis
and hinted at the potential of copper chelators as a
means to inhibit diseases reliant on NLRP3
inflammasome activation [55]. Additionally, an
associated study unveiled a pyroptosis inhibitor
targeting the reactive cysteine within gasdermin D,
the ultimate executor of pyroptosis downstream of
inflammasome activation. These inhibitors exhibited
the potential to suppress pyroptosis, IL-1p secretion,
and inflammatory caspases, offering a versatile
approach to alleviating inflammation and cell death
associated with copper-induced pyroptosis [79].
Collectively, these studies make substantial contribu-
tions to the development of therapeutic strategies
aimed at addressing copper-induced pyroptosis,
potentially opening up new avenues for treating
diseases characterized by copper overload.

5.5. Potential treatment against Cu-induced
autophagy

The underlying mechanisms of copper-induced
lipid deposition, oxidative stress, and autophagy are
discussed here, while potential therapeutic strategies
are investigated to combat the deleterious
consequences of copper overload. Xia et al., delved
into the inhibitory effects of copper ions on ATG4B
activity, subsequently leading to autophagy
inhibition. The excessive presence of copper within
cells induces oxidative stress and prompts the
formation of insoluble Mallory bodies (MB). Their
findings shed light on the potential therapeutic
approach of curtailing copper-induced autophagy,
thereby offering promise in addressing conditions like
Wilson's disease (WD) [80]. Zhong et al. explored how
an excess of copper triggers alterations in oxidative
stress levels, autophagic responses, and lipid
metabolism. Their research highlights the pivotal role
of oxidative stress-mediated Nrf2 activation in
regulating copper-induced lipid accumulation.
Autophagy is activated as a protective mechanism
against the detrimental effects of copper-driven lipid
buildup. These discoveries suggest that targeting Nrf2
could serve as a prospective therapeutic avenue for
mitigating oxidative stress-related diseases such as
obesity and non-alcoholic fatty liver disease
(NAFLD)[81].

The reciprocal regulation of NRF2 by autophagy
and ubiquitin-proteasome mechanisms was examined

as a means to modulate vascular endothelial injury
induced by copper oxide nanoparticles (CuONPs).
Exposure to CuONPs activates the NRF2 antioxidant
pathway. This investigation uncovers an innovative
regulatory mechanism, wherein autophagy not only
promotes NRF2 activation but also, intriguingly,
autophagy deficiency enhances proteasome-depen-
dent NRF2 degradation. The comprehension of these
intricate processes holds promise for the development
of therapeutic strategies targeting CuONP-induced
vascular injury and associated diseases [82].
Furthermore, additional investigations have
underscored the potential of quercetin in ameliorating
copper-induced apoptosis and endoplasmic reticulum
(ER) stress in SH-SY5Y cells by modulating
autophagy. Copper exposure often triggers oxidative
stress, apoptosis, and ER stress, all of which can lead
to cellular damage. Quercetin, a polyphenol, emerges
as a promising candidate for alleviating copper-
induced toxicity by suppressing apoptosis and
inducing autophagy. This study introduces a
potential approach for mitigating the neurotoxicity
associated with copper exposure [83]. In summary,
these studies collectively contribute to our
comprehension of copper-induced autophagy and
propose a range of therapeutic strategies to mitigate
the adverse effects stemming from excessive copper
accumulation within cells. These insights carry
implications for the development of treatments for
diseases linked to copper overload.

6. Conclusion and Future Perspectives

In conclusion, it is essential to maintain a
dynamic balance of Cu ion levels in the body, as both
excess and deficiency can lead to various diseases. Cu
homeostasis is regulated by its absorption, transport,
and excretion. Cu metabolism disorders have been
associated with an increasing number of diseases,
particularly in the field of oncology. Cuproptosis, a
newly discovered type of RCD, is primarily associated
with tricarboxylic acid cycle metabolic disorders.
Cuproptosis is not entirely independent of other types
of regulated cell death and may be closely related to
them. Despite several studies providing meaningful
insights into Cu-induced RCD, several questions
remain unanswered. Different organs may require
unique optimal Cu ion concentration, which is a
crucial ~consideration in drug design and
optimization. By answering these questions, we can
gain a better understanding of the molecular
mechanisms underlying human diseases related to
cuproptosis, leading to improved investigations of Cu
metabolism and its lethal mechanisms, as well as the
screening for relevant drugs to treat Cu metabolic
diseases.
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