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Copper is an essential micronutrient involved in various physiological processes
in various cell types. Consequently, dysregulation of copper homeostasis—either
excessive or deficient—can lead to pathological changes, such as heart failure
(HF). Recently, a new type of copper-dependent cell death known as cuproptosis
has drawn increasing attention to the impact of copper dyshomeostasis on HF.
Notably, copper dyshomeostasis was associated with the occurrence of HF.
Hence, this review aimed to investigate the biological processes involved in
copper uptake, transport, excretion, and storage at both the cellular and systemic
levels in terms of cuproptosis and HF, along with the underlying mechanisms of
action. Additionally, the role of cuproptosis and its related mitochondrial
dysfunction in HF pathogenesis was analyzed. Finally, we reviewed the
therapeutic potential of current drugs that target copper metabolism for
treating HF. Overall, the conclusions of this review revealed the therapeutic
potential of copper-based therapies that target cuproptosis for the development
of strategies for the treatment of HF.
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1 Introduction

Heart failure (HF) is one of the most prevalent cardiovascular diseases worldwide and
poses a significant threat to human health (Zannad, 2018). It is characterized by impaired
cardiac function due to ventricular filling and ejection dysfunction and represents the end
stage of various cardiovascular disorders (Ziaeian and Fonarow, 2016). Despite ongoing
advancements in treatment methods, the prognosis for patients with HF remains poor,
making it a serious public health concern (Ambrosy et al., 2014). Furthermore, HF places a
substantial economic burden on healthcare systems (Ziaeian and Fonarow, 2016).
Consequently, a thorough understanding of the potential therapeutic targets and
underlying mechanisms of HF is crucial for improving its prognosis and patient outcomes.
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Copper is an essential micronutrient and a vital catalytic
cofactor involved in various biological processes, including the
production of biomolecules, antioxidant defense, and
mitochondrial respiration (Chen L. et al., 2021; Maung et al.,
2021). Copper homeostasis is tightly regulated, as both excessive
and deficient levels of copper can lead to pathological changes that
adversely affect human health (Maung et al., 2021). Dysregulation of
copper homeostasis can contribute to the pathogenic mechanisms of
HF by influencing inflammation (Wang et al., 2022), oxidative stress
(Tsutsui et al., 2011; Vo et al., 2020), energy metabolism (Fan et al.,
2005), cell death (Vanempel et al., 2005; Jiang et al., 2022), responses
to β-adrenergic stimulation (Elsherif et al., 2004b), and calcium
homeostasis (Elsherif et al., 2007). Additionally, a newly identified
pattern of copper-dependent cell death, namely, cuproptosis, may
facilitate the occurrence of HF by affecting mitochondrial function.

This review aimed to investigate the roles of copper homeostasis
and cuproptosis in HF, highlighting their potential for the
development of therapeutic strategies for HF by targeting
cuproptosis. The conclusions of this review may provide insights
into future research directions regarding the relationship between
cuproptosis and HF.

2 Copper homeostasis biochemical and
molecular insights

2.1 Systemic copper metabolism

In the field of “metals in biology,” metals play unique and
crucial roles in biological systems. Copper is an essential trace
metal found in nearly every living organism, with a normal human
body containing approximately about 100 mg (Wang D. et al.,
2023). It is primarily found in muscles, bones, and the liver, with
small quantities present in the blood (Festa and Thiele, 2011).
Copper exists in two distinct ionic forms, namely, cuprous ions
(Cu [I], reduced type) and cupric ions (Cu [II], oxidized type),
both of which are involved in the enzymatic modulation of cellular
physiological activities. However, redox cycling between Cu(I)
and Cu(II) can contribute to the catalytic generation of highly
toxic hydroxyl radicals, subsequently damaging macromolecules
(Halliwell and Gutteridge, 1984). Therefore, it is necessary to
maintain systemic copper levels within a stable range to ensure
proper biochemical processes and prevent cellular
damage (Figure 1).

2.1.1 Copper uptake
Copper is acquired primarily from dietary sources such as meat,

offal, nuts, and cereals (Bost et al., 2016). The absorption of dietary
copper, predominantly in the form of Cu(II), occurs mainly in the
small intestine (Mason, 1979) by intestinal epithelial cells and is
modulated by copper transporter 1 (CTR1), which is encoded by the
solute carrier family 31 member 1 (SLC31A1) gene and located on
the apical surface of the cells (Petris, 2004). Reportedly, CTR1 is
crucial for absorption, and its systemic or tissue-specific deletion
significantly reduces dietary copper absorption (Lee et al., 2002).
Additionally, the activities of duodenal cytochrome b (DCYTB) and
six-transmembrane epithelial antigen of the prostate (STEAP)
facilitate this process by reducing Cu(II) to Cu(I) (Dancis et al.,

1992; Georgatsou et al., 1997), the ionic state that is
transported by CTR1.

2.1.2 Copper transport and storage
Following copper absorption through intestinal epithelial cells,

it is secreted into the bloodstream and binds soluble chaperones
such as ceruloplasmin (CP), human serum albumin,
macroglobulin, and histidine (Moriya et al., 2008; Ramos et al.,
2016; Lutsenko, 2021). These complexes transport copper to the
liver via the portal vein, where hepatocytes take up copper through
CTR1. Within hepatocytes, copper can either be transported to
specific proteins via copper chaperones or chelated by the copper-
binding protein metallothionein (MT) for storage (Luza and
Speisky, 1996; Krężel and Maret, 2017). Thus, the liver serves as
the primary organ responsible for capturing, distributing, and
excreting copper, playing a crucial role in regulating systemic
copper homeostasis. The ATPase copper transporter 7A
(ATP7A) and ATPase copper transporter 7B (ATP7B) mediate
copper transport in peripheral and liver tissues, respectively
(Wang et al., 2011; Telianidis et al., 2023). ATP7A facilitates
the transport of copper to the portal vein, whereas ATP7B is
responsible for pumping copper back into the bloodstream from
the liver. In the blood, copper ions can again bind soluble
chaperones, allowing them to be delivered to various organs
and tissues where they catalyze reactions involved in numerous
physiological processes (Lutsenko et al., 2007b; La Fontaine
et al., 2010).

2.1.3 Copper elimination
Excess endogenous copper is primarily excreted through bile

and subsequently eliminated in feces (Turnlund, 1998). Other
routes, such as sweat, urine, or menstruation, have a lesser
impact on copper excretion or depletion. ATP7B plays a crucial
role in removing excess copper from the body, and its inactivation
(such as in Wilson’s disease) can lead to copper accumulation in the
liver and subsequent copper-induced toxicity (Yang et al., 2023).
Notably, the excretion of endogenous copper has been reported to be
significantly affected by dietary copper intake (Turnlund et al., 1989;
Scott and Turnlund, 1994).

Taken together, the processes of copper absorption, storage,
transport, and elimination in organisms determine the distribution
and modulation of copper homeostasis in the body.

2.2 Copper homeostasis is tightly regulated
within cells

Copper is essential for cellular activity, and its intracellular
concentration is meticulously regulated to prevent the
detrimental effects of both copper deficiency and overload
(Dupont et al., 2011; Kim et al., 2013). Copper homeostasis
and compartmentalization are mediated by a finely tuned
network of copper transport proteins, soluble chaperones,
copper enzymes, and copper-dependent transcriptional
regulators (Burkhead et al., 2009; Robinson and Winge, 2010;
Festa and Thiele, 2011). The levels of copper are maintained
within a narrow range through the synergistic actions of these
copper-dependent proteins (Figure 2).
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2.2.1 Copper absorption
The high-affinity copper transporter CTR1 (encoded by

SLC31A1) is a transmembrane protein that forms a stable
trimeric channel (Ren et al., 2001), facilitating the absorption of
most copper ions in cells by allowing their passage across the plasma
membrane (Maryon et al., 2013; Bian et al., 2023). In vitro studies
have shown that the expression of CTR1 can be modulated in a
copper-dependent manner and that it is upregulated under copper-
depleted conditions to increase copper uptake and downregulated
under copper-overloaded conditions to prevent copper cytotoxicity
(Liang et al., 2012; Maryon et al., 2013). CTR1 plays a critical role in
maintaining copper homeostasis.

2.2.2 Intracellular copper distribution and
utilization

Copper is utilized in various cellular compartments, and its
intracellular distribution varies according to metabolic requirements
(Lutsenko, 2021). Once copper enters the cell, it is allocated by
copper chaperones to specific protein targets within intracellular
structures such as the trans-Golgi network (TGN), mitochondria, or
nucleus. Three main copper chaperones have been identified within
mammalian cells: antioxidant 1 copper chaperone (ATOX1),
cytochrome c oxidase (COX) copper chaperone 17 (COX17), and
copper chaperone for superoxide dismutase (CCS) (Finney and
O’Halloran, 2003; Banci et al., 2010).

FIGURE 1
Systemic copper metabolism pathway diagram. Dietary copper absorption occurs primarily in the duodenum and small intestine. Cu2+ is reduced to
Cu⁺ by STEAP and DCYTB, after which Cu+ enters enterocytes via CTR1. Subsequently, ATP7A facilitates its transport and release into the circulation,
where it binds soluble chaperones and is transported to the liver through the portal vein for storage and further transportation. Excess copper is excreted
into the bile by the liver. The figure was created using BioRender. CTR1, copper transporter 1; STEAP, six-transmembrane epithelial antigen of the
prostate; DCYTB, duodenal cytochrome b; ATP7A and 7B, ATPase copper transporter 7A and 7B; CP, ceruloplasmin; MG; macroglobulin; HAS; human
serum albumin; HIS, histidine; MT, metallothionein.
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ATOX1 can deliver copper to ATP7A and ATP7B within the
TGN, facilitating the synthesis of copper-dependent enzymes such as
lysyl oxidase (LOX), CP, and tyrosinase (Petris et al., 2000; Hellman
et al., 2002; Shanbhag et al., 2019). Additionally, ATOX1 functions as
a copper-dependent transcription factor, transporting copper into the
nucleus and promoting cell proliferation (Itoh et al., 2008). It
collaborates with specificity protein 1 and metal-regulatory
transcription factor 1 to regulate copper-dependent gene
expression (Selvaraj et al., 2005; Liang et al., 2012).

CCS transfers copper to superoxide dismutase 1 (SOD1), aiding
in the detoxification of reactive oxygen species (ROS) while
maintaining copper homeostasis (Rae et al., 2024). The
metabolism of oxygen in mitochondria is associated with the
production of superoxide, which damages cells. SOD1 functions
as a key antioxidant enzyme, converting superoxide radicals into
molecular oxygen and hydrogen peroxide (Leitch et al., 2009). CCS
and SOD1 are colocalized and interact within various cell types
(Casareno et al., 2024; Rae et al., 2024; Rothstein et al., 2024);

however, the exact mechanism of their concurrent transportation to
the mitochondria remains unclear (Suzuki et al., 2000).

COX17 transports copper from the cytosol to the mitochondrial
inner membrane, facilitating the synthesis of COX (SCO)1 and
SCO2 and promoting the insertion of copper into the
mitochondrially encoded COX subunit 2 (COX2) (Stiburek et al.,
2024). Additionally, copper can be transported via COX17 to
COX1 from the cytoplasm through COX 11 (COX11) (Hiser
et al., 2000). Both COX1 and COX2 contain redox-active copper
centers that play crucial roles in electron transfer within complex IV,
ultimately promoting ATP generation (Nývltová et al., 2000).
Mutations in SCO1, SCO2, and COX17 are associated with
reduced COX activity, leading to mitochondrial dysfunction and
oxidative stress (Takahashi et al., 2002; Leary et al., 2004).

2.2.3 Intracellular sequestration
Within cells, labile copper can produce ROS and cause

cytotoxicity. This harmful process is effectively mitigated by

FIGURE 2
Diagramof the cellular coppermetabolism pathway.Within cells, copper ions are delivered to various cellular components, including the cytoplasm,
mitochondria, nucleus, and TGN, via a complex, high-affinity copper chaperone system. CCS transports copper to SOD1, where it helpsmitigate oxidative
stress. COX17 directs copper to the mitochondria, where it is used by COX to activate enzymes in the respiratory chain. ATOX1 transfers copper to the
nucleus, where it binds to transcription factors and drives gene expression. Additionally, ATOX1 facilitates copper transport to the trans-Golgi
network, promoting the synthesis of copper-dependent enzymes. Excess intracellular copper is sequestered by two keymolecules, MT and GSH. Copper
is then exported from the cell by ATP7A/B, which relocates copper from the TGN to the plasma membrane, where it is pumped into the extracellular
space via exocytosis. The figure was created using BioRender. CTR1, copper transporter 1; STEAP, six-transmembrane epithelial antigen of the prostate;
CCS, copper chaperone for superoxide dismutase; SOD1, superoxide dismutase 1; COX17, cytochrome c oxidase copper chaperone 17; cytochrome c
oxidase copper chaperone 11 (COX11); SCO1/2, synthesis of cytochrome c oxidase 1/2; COX, cytochrome c oxidase; ATOX1, antioxidant 1 copper
chaperone; ATP7A and 7B, ATPase copper transporters 7A and 7B; MT, metallothionein; GSH, glutathione.
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proteins that sequester intracellular Cu(I). Specifically, excessive
intracellular copper is chelated by two main antioxidant peptides:
glutathione (GSH) and MTs (Shishido et al., 2001; Aliaga et al.,
2016). Additionally, copper is stored in specialized vesicles and
secretory granules (Bonnemaison et al., 2009; Leary and Ralle, 2020).

Emerging evidence indicates that the thioredoxin system
contributes to the regulation of copper-induced oxidative stress,
particularly in neuronal cells (Tanaka et al., 2018). Thioredoxin-
albumin fusion proteins have been shown to suppress ROS
production and downregulate oxidative stress-related gene
expression without significantly affecting intracellular copper
levels (Tanaka et al., 2018). These findings suggest an
antioxidative mechanism independent of direct copper

sequestration, which may have broader implications for
mitigating copper-mediated cytotoxicity in other tissues,
including cardiac cells.

2.2.4 Copper export
The export of intracellular copper relies on transporting proteins

capable of actively removing excessive copper. In humans, ATP7A
and ATP7B are critical copper transporters (La Fontaine and
Mercer, 2007). When cellular copper levels are increased, these
transporters undergo copper-mediated conformational changes and
translocate from the TGN to the cell membrane, thereby promoting
copper transport (Petris and Mercer, 1999; Yang et al., 2023). This
process requires energy from ATP hydrolysis to transport copper

TABLE 1 Evidence linking copper excess and HF.

Country, author,
year

Methods and study population Result

Greece, Alexanian et al.
(2014)

125 patients with AHF or CHF (71% male, aged 69 ± 11 years) and
21 healthy volunteers matched controls

Serum Copper was increased both in AHF (p = 0.006) and CHF (p =
0.002) and correlated with left ventricular systolic and diastolic
function

India, Singh et al. (1985) 44 cases of AMI and 23 cases of angina and 40 age and sex matched
healthy controls; HF was most frequent complication (25%, 11 cases)
during 28-day follow-up

Mean peak serum copper levels were higher in cases of AMI with
complications (203.15 ± 15.13 μg%) as compared to cases of AMI
without complications (170.54 ± 14.18 μg %) (p < 0.001). AMI with
congestive HF had significantly higher serum copper levels as
compared to controls

United Kingdom, Kunutsor
et al. (2022)

1,866 men aged 42–61 years; 365 HF cases occurred during 26.5 years
median follow-up

The HR (95% CI) for incident HF per unit increase in serum copper
was 2.71 (1.50–4.89). As serum copper levels increase, the risk of HF
gradually increases

Czech Republic, Malek et al.
(2006)

30 consecutive subjects with acute decompensation of CHF and
30 patients with chronic stable HF, follow-up of 12 months

The time to the combined end-point death or hospital admission was
significantly affected by serum copper level (19.1 vs. 15.6 μmol/L, p <
0.0001). Serum copper levels predicted short term outcome in high
risk patients with chronic heart failure

Czech Republic, Málek et al.
(2003)

64 patients with CHF; 30 patients died or were admitted to the hospital
because of worsening HF during 12 months follow-up

Baseline serum copper concentrations are significantly higher in
patients with CHF (p < 0.001), also correlating with higher 1-year
mortality and morbidity

Iran, Shokrzadeh et al. (2009) 30 ISCMP patients and 27 healthy volunteers The mean copper level of the ISCMP group (1.54 ± 0.52 mg/L) was
significantly more than the copper levels of the healthy volunteers
(1.31 ± 0.24 mg/L; p = 0.048). Copper may have a role in the
development of ISCMP.

Turkey, Atlihan et al. (1990) 29 patients (mean age 2.3 ± 1.5 years) with CHF and 11 healthy
controls (mean age 3.1 ± 2.8 years)

The mean serum copper levels of the patients with CHF showed a
significant increase compared to controls (173.6 ± 26.6 μg/100 mL vs.
113.9 ± 16.2 μg/100 mL, p ≤ 0.001)

Germany, Oster, (1993) 20 patients (mean age 50.5 ± 7.2 years) diagnosed with dilated
cardiomyopathy and 50 healthy controls (mean age 53 ± 8 years)

The patients with dilated cardiomyopathy have high copper
concentrations in their serum. The copper concentration in serum
shows a highly significant inverse relationship with the ejection
fraction and the cardiac index

Turkey, Koşar et al. (2006) 54 HF patients and 30 healthy subjects Serum copper concentrations in HF patients were significantly higher
than in controls (p = 0.000)

France, Cenac et al. (1996) 35 patients with peripartum cardiac failure and 40 healthy controls Plasma copper was higher in patients with peripartum
cardiomyopathy than it was in controls (2.03 ± 0.37 vs. 1.23 ± 0.20 μg/
mL, p < 0.001)

Turkey, Topuzoglu et al.
(2022)

54 patients (aged 18–75 years, the left ventricular ejection
fraction <35%) with idiopathic dilated cardiomyopathy and 20 healthy
subjects (aged 21–73 years)

Patients with idiopathic dilated cardiomyopaty have higher copper
(172.16 ± 47.6 vs. 117.28 ± 31.3 μg/dL, p < 0.05)

France, de Lorgeril et al.
(2001)

21 consecutive CHF patients and 18 healthy age- and sex-matched
controls

Plasma copper was slightly higher in CHF than in healthy controls
(1.15 ± 0.34 vs. 0.97 ± 0.17 mg/L, p < 0.05)

United State, Sullivan et al.
(1979)

42 patients with arteriosclerotic congestive heart failure and 37 healthy
controls

Copper levels were elevated in congestive heart failure (1.38 ± 0.33 vs.
1.06 ± 0.3 μg/mL, p < 0.005)

AHF, acute heart failure; CHF, chronic heart failure; AMI, acute myocardial infarction; ISCMP, ischemic cardiomyopathy.
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along a concentration gradient (Lutsenko, 2021). Therefore, the
activities and trafficking of ATP7A and ATP7B are stringently
controlled by intracellular copper concentrations, copper-binding
proteins such as MTs, and multiple signaling pathways (La Fontaine
and Mercer, 2007; Lutsenko et al., 2007a; Gupta and
Lutsenko, 2009).

3 Evidence linking copper
dyshomeostasis to HF

Any abnormality or combination of abnormalities that disrupt
cardiac structure, mechanics, or electrical function can potentially
trigger HF. Conditions such as atherosclerosis, myocardial
infarction (MI), cardiomyopathy, hypertension, and valvular
heart disease (VHD) are notable contributors (Heidenreich et al.,
2022). Among these, ischemic heart diseases have a significant effect
on both acute and chronic HF(Arrigo et al., 2020). Research has
increasingly linked the dysregulation of copper
homeostasis—resulting in either excessive or deficient copper
levels—to the development of HF.

Higher copper levels have been extensively suggested to be
associated with HF (Table 1). For example, several prospective
cohort studies have indicated that increased serum copper levels
are significantly linked to increased HF-related mortality (Málek
et al., 2003; Malek et al., 2006). An increased serum copper-to-zinc
ratio has also been associated with increased HF risk among middle-
aged Finnish males (Kunutsor et al., 2022). Additionally,
Hammadah et al. reported in a study involving 890 patients who
higher levels of CP, which transports over 95% of copper in the body,
were related to an increased risk of HF and poor prognostic
outcomes (Hammadah et al., 2014). Measuring CP levels in
conjunction with N-terminal pro-B-type natriuretic peptide levels
is advantageous for identifying high-risk HF patients during a 1-year
follow-up (Romuk et al., 2004). Further investigations into the
relationship between myocardial and serum copper contents in
patients with HF are essential. In some experiments, coronary
infusion of CuCl2 solutions can induce acute cardiac dysfunction,
with the effects of Cu(II) infusion occurring within minutes in both
diabetic and normal hearts, suggesting that these effects are not due
to remodeling (Cheung et al., 2015). These findings suggest that
increased copper content may be related to the pathogenic
mechanisms underlying HF.

Copper ions reportedly have dual effects on HF. A study in
Poland reported serum copper deficiency in patients with HF (in
44% of men and >30% of women). Copper is an essential
antioxidant nutrient for cardiovascular health (Mohammadifard
et al., 2019), as evidenced by the benefits of copper
supplementation and a copper-rich diet. The Institute of
Medicine recommends a daily dietary copper intake of 0.9 mg
for adults, with a tolerable upper limit of 10 mg/day to prevent
liver toxicity (Trumbo et al., 2001). While national guidelines vary,
most suggest a range of 0.8–2.4 mg/day (Bost et al., 2016). Evidence
from a high-risk cross-sectional study involving 1,197 healthy adults
revealed a negative correlation between dietary or serum copper
levels and total/low-density lipoprotein cholesterol, suggesting that
increased copper intake is associated with improved metabolic
outcomes (Bo et al., 2008). Similarly, copper supplementation

was shown to partially reverse pathological changes caused by
dietary iron overload in mice, normalize cardiac hypertrophy
(Wang et al., 2018), and enhance cardiac function in pressure
overload-induced dilated cardiomyopathy (Hughes et al., 2008).
HF patients often exhibit relative deficiencies in multiple
micronutrients due to decreased intake, increased metabolic
degradation, and excessive excretion, all of which exacerbate
cardiac dysfunction (Witte and Clark, 2002). Supplementation
with copper-containing micronutrients has been shown to
improve the left ventricular ejection fraction, ventricular volume,
and quality of life in elderly patients with left ventricular systolic
dysfunction and HF (Witte et al., 2005). Cohort studies further
suggest that dietary copper intake exceeding the estimated average
requirement is associated with reduced cardiovascular and all-cause
mortality, particularly when copper is obtained from food sources
(Chen et al., 2004). Additionally, more than 80 anatomical,
biochemical, and physiological parallels have been identified
between copper-deficient animals and patients with ischemic
heart disease (Klevay, 2006). In murine studies, dietary copper
deficiency impaired β-adrenergic responsiveness and induced
diastolic dysfunction, implicating copper insufficiency as a
contributor to HF. These impairments were reversed with
adequate copper consumption (Elsherif et al., 2003; Elsherif et al.,
2004b; Liu and Miao, 2022). Collectively, these findings suggest that
dietary copper supplementation may represent a cost-effective
therapeutic strategy for managing HF.

Overall, the role of copper supplementation in the
cardiovascular system remains unclear. Other studies have
reported that serum copper levels do not significantly differ
between patients with HF and control individuals (Cunha et al.,
2002; Salehifar et al., 2008; Ghaemian et al., 2011). These
inconsistent findings are likely associated with variations in study
designs, the duration of copper supplementation, and the
dosages used.

4 Potential mechanisms of HF
associated with copper
dyshomeostasis

Copper is involved in enzymatic activities, mitochondrial
respiration, the maintenance of protein function, and iron
metabolism (van den Berghe and Klomp, 2009; Dupuy et al.,
2015; Niu et al., 2020; Guo et al., 2022b). The prevalence of
copper excess in the human population actually surpasses that of
copper deficiency, which is partly attributed to high inorganic
copper ion consumption via mineral and vitamin supplements, as
well as in drinking water from copper plumbing (Brewer et al., 2010;
Pal et al., 2014). Hence, copper-mediated HFmay be associated with
several mechanisms described in this review.

4.1 Oxidative stress

Oxidative stress plays a significant role in the occurrence and
development of HF, typically resulting from an imbalance between
ROS production and antioxidant defense mechanisms (Karabacak
et al., 2014). Copper, a transition metal involved in redox reactions,
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facilitates ROS production, with prolonged exposure leading to
oxidative stress (Vo et al., 2020) (Figure 3).

Higher levels of free copper ions may further interact with
hydrogen peroxide through Fenton reactions, resulting in the
generation of highly reactive hydroxyl radicals (Valko et al.,
2005). These radicals induce cellular dysfunction, DNA damage,
and lipid and protein peroxidation, ultimately promoting the
initiation and progression (Tsutsui et al., 2011) of HF.
Specifically, copper can activate various hypertrophic signaling
kinases and transcription factors, including protein kinase C,
GTP-binding protein Rat sarcoma, Jun N-terminal kinase, and
mitogen-activated protein kinases (MAPK) (Grubman and
White, 2014). This activation stimulates myocardial development,
contributes to cellular dysfunction, and facilitates matrix
remodeling. Lipid peroxidation is a chain reaction triggered by

the accumulation of ROS in polyunsaturated fatty acids within
cell membrane lipids, thereby resulting in lipid molecule
oxidative damage. As an intracellular copper scavenger, MT has
been demonstrated to be an endogenously expressed and highly
inducible antioxidant protein in the heart. Yin et al. reported that
mice with silenced MT1/2 genes developed severe HF, cardiac
fibrosis, and oxidative stress, with these symptoms exacerbated
by intermittent hypoxia. In contrast, mice exhibiting cardiac-
specific overexpression of MT-IIa were protected from
cardiomyopathy induced by intermittent hypoxia. This protective
effect is associated with reduced cardiac lipid peroxidation in the
context of copper deficiency (Yin et al., 2014). Furthermore,
increased copper levels may increase lipid peroxidation, leading
to increased generation of malondialdehyde (MDA) (Dhalla et al.,
2000), whose high levels are associated with HF(Díaz-Vélez et al.,

FIGURE 3
Copper dyshomeostasis and oxidative stress in HF. The oxidative stress mechanism associated with copper dyshomeostasis in HF has dual
properties. Excess copper catalyzes the generation of •OH via Fenton reactions, resulting in the activation of hypertrophic signaling kinases and
transcription factors, lipid peroxidation, DNA strand breaks, and base oxidation, while impairing the function of both enzymatic and nonenzymatic
antioxidants. On the other hand, copper deficiency impairs the function of certain antioxidant enzymes. This leads to increased levels of NO and
cGMP via elevated expression of eNOS and iNOS. Additionally, copper deficiency results in reduced COX activity, decreases complex I function and
contributes to elevated ROS. Excess ROS directly quench bioavailable NO. Furthermore, O2– interacts with NO to form peroxynitrite (ONOO–).
Together, these processes exacerbate intracellular oxidative stress and contribute to the progression of HF. The figure was created via BioRender. HF,
heart failure; CTR1, copper transporter 1; STEAP, six-transmembrane epithelial antigen of the prostate; ATP7A and 7B, ATPase copper transporters 7A and
7B; •OH, hydroxyl radicals; ROS, reactive oxygen species; Ras, rat sarcoma; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; JNK; Jun-
nuclear kinase; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase; GSH, glutathione; CP,
ceruloplasmin; LOX, lysyl oxidase; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; NO, nitric oxide; cGMP, cyclic guanosine
monophosphate; COX, cytochrome c oxidase.
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1996; Ghatak et al., 1996; Sairam et al., 2017). Additionally,
increased copper levels can decrease the activities of
antioxidant enzymes, including SOD, total antioxidant
capacity, GSH peroxidase (GSH-Px), and catalase, in both
serum and heart tissue while also lowering the levels of the
nonenzymatic antioxidant GSH (Skrajnowska et al., 2013; Li
et al., 2018). Blood GSH levels serve as an independent
marker of lipid peroxidation in HF (Campolo et al., 2023).
Copper can induce DNA strand breaks and base oxidation
through free radicals generated from oxygen (Brezová et al.,
2007). Existing evidence suggests that copper-induced
oxidative stress significantly impacts HF.

4.2 Inflammation

Excessive copper is been related to the pathogenic mechanisms
of HF because it can cause inflammation. Since its first discovery by
Levine et al. (1990), higher circulating levels of proinflammatory
factors have been associated with poor HF outcomes (Aukrust et al.,
2002; Heymans et al., 2009; Hansson and Hermansson, 2011).
Reportedly, increased copper levels can stimulate increases in the
serum levels of tumor necrosis factor α (TNF-α) and C-reactive
protein in rats, contributing to inflammatory damage in multiple
organs, including the heart, and inducing myocardial fibrosis (Wang
et al., 2022). In vitro experiments revealed that copper enhances
interleukin (IL)-6 release while activating MAPK extracellular
signal-regulated kinase 1/2 and p38 in primary cardiac cells
(Ansteinsson et al., 2009), which are associated with mechanisms
of cardiac hypertrophy, an important risk factor for the development
of HF(Bueno and Molkentin, 2002; Wenzel et al., 2005). Copper-
mediated oxidative stress further exacerbates inflammation, as
excess copper leads to excessive ROS accumulation, which then
increases myeloperoxidase activity, activates the nuclear factor-κB
(NF-κB) pathway, inhibits anti-inflammatory cytokines, and leads to
a proinflammatory environment (Pereira et al., 2016; Jian
et al., 2020).

Additionally, the molecular interplay between copper
homeostasis and immune signaling pathways has revealed novel
mechanisms by which copper drives excessive and deleterious
inflammation during disease progression. Copper uptake, which
is mediated by CD44, regulates immune cell activation; however,
dysregulated activation triggers uncontrolled inflammation, leading
to tissue damage and organ failure, with copper directly acting as a
catalytic metal (Solier et al., 2023). Furthermore, copper has been
shown to activate the innate immune pathway through ALPK1 in a
kinase-dependent manner, amplifying downstream signaling and
increasing proinflammatory cytokine production (Lu et al., 2024).
Although autoimmunity is not a predominant driver of cardiac
dysfunction, it remains a potential target for HF prevention (Martini
et al., 2024).

4.3 Energy metabolism dysfunction

Patients with HF typically exhibit features of inadequate cardiac
energy metabolism, primarily because of reduced mitochondrial
oxidative capacity (Lopaschuk et al., 2021). Copper serves as a

cofactor for several enzymes involved in the antioxidant system
and the mitochondrial respiratory chain (Nair and Mason, 1967).
However, copper accumulation negatively affects mitochondrial
activity and may contribute to HF progression by reducing
mitochondrial metabolism (Fan et al., 2005; Rines and Ardehali,
2013). For example, increased copper levels can lead to excessive
ROS generation, which facilitates lipid peroxidation, depletes
antioxidants, damages mitochondrial DNA, and reduces
mitochondrial ATP production (Sugamura and Keaney, 2011;
Tsutsui et al., 2011). Furthermore, the failing heart also exhibits a
marked decrease in key enzymatic activities, such as mitochondrial
creatine kinase (CKmito), which operates at the intersection of
energy metabolism and oxidative stress (Keceli et al., 2022).
CKmito dysfunction disrupts efficient energy transfer between
mitochondria and myofibrils, exacerbating energy deprivation in
cardiomyocytes (Keceli et al., 2022). Mitochondrial ATP is primarily
generated through fatty acid oxidation, which serves as the heart’s
main fuel source (Yamamoto and Sano, 2022). Copper can also
directly impair enzymes associated with the mitochondrial oxidative
phosphorylation (OXPHOS) chain and fatty acid β-oxidation,
resulting in mitochondrial insufficiency and energy starvation
(Mazi et al., 2020). This cascade of events ultimately contributes
to HF progression.

4.4 Cell death

High copper levels are associated with cell death, such as
pyroptosis, apoptosis, ferroptosis, and autophagy (Jiang et al., 2022).

4.4.1 Apoptosis
Apoptosis is a programmed cell death process that plays a

crucial role in the progression of HF(Vanempel et al., 2005).
Copper can induce apoptosis primarily by causing DNA damage,
generating ROS, and suppressing proteasome activity (Sagripanti
et al., 1991; Kawakami et al., 2008; Chen X. et al., 2021). The
apoptosis of myocardial cells, which are the contractile units of
myocardial tissue, triggers various reactions, such as fibrosis and
hypertrophy. These reactions ultimately lead to both contractile and
diastolic dysfunction, contributing to the progression of
HF(Vanempel et al., 2005).

4.4.2 Pyroptosis
Pyroptosis is a proinflammatory form of programmed cell death

resulting from the activation of caspase family proteins (Kovacs and
Miao, 2017; Wu et al., 2021). The increased cellular uptake of
copper, combined with increased Fenton activity, can
significantly increase intracellular ROS levels, thereby activating
Caspase-1 proteins and pyroptosis-related genes, such as
nucleotide-binding oligomerization domain-like receptor protein
3 inflammasomes and IL-1β. This activation subsequently leads
to gasdermin D cleavage, ultimately inducing pyroptosis (Jiang K.
et al., 2007; Liao et al., 2019; Zhang et al., 2021). Moreover, copper
ions, as essential trace nutrients involved in various physiological
processes, can induce ROS and activate the NF-κB pathway. This
process upregulates the expression of proinflammatory factors and
genes, which may contribute to the development of HF(Butts et al.,
2015; Liu et al., 2020; Deng et al., 2023).
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4.4.3 Autophagy
Copper ions can trigger autophagy (Tsang et al., 2020).

Mechanistically, increased copper levels produce excessive ROS
during oxidation, which is associated with the occurrence of
autophagy (Li et al., 2015). Additionally, excessive copper may
increase autophagic flux through the activation of the Beclin-1
(Wan et al., 2020), autophagy-related gene 5 (Wan et al., 2020),
and the adenosine monophosphate-activated protein kinase-
mammalian target of rapamycin (Guo et al., 2022a) pathways,
promoting the generation of autophagic vesicles by regulating the
transcription factor EB (Peña and Kiselyov, 2015). Autophagy has
dual functions. Excessive mitophagy and autophagy in various HF
models are recognized as protective responses of cardiomyocytes
(Shires and Gustafsson, 2015). However, some researchers have
suggested that impaired mitophagy can lead to unfavorable
myocardial pathological remodeling. The activation of
mitochondrial autophagy can cause the heart to transition from
adaptive compensatory hypertrophy to myocardial fibrosis,
ultimately progressing to HF(Zhu et al., 2007; Li A. et al., 2022).
These outcomes may be influenced by the strength of the stimulus
and the type of substrate targeted for degradation (Xue et al., 2023a).

4.4.4 Ferroptosis
Ferroptosis refers to iron-dependent cell death resulting from

ROS deposition and lipid peroxidation (Dixon et al., 2012; Yang and
Stockwell, 2016; Hirschhorn and Stockwell, 2019) and is affected by
copper content because copper ions are redox active (Ren et al.,
2021; Zhou et al., 2023). GSH-Px 4 (GPX4) is a crucial gene
associated with ferroptosis. Copper can directly bind to the
GPX4 protein, leading to the formation of GPX4 aggregates and
subsequent autophagic degradation of GPX4, ultimately resulting in
ferroptosis (Xue et al., 2023b). Copper chelators may reduce
sensitivity to ferroptosis without affecting other types of cell
death. Fisetin has cardioprotective effects; it modulates
GPX4 expression to increase its antioxidant activity and suppress
ferroptosis, ultimately ameliorating cardiac hypertrophy (Li
et al., 2016).

Additionally, agents that bind to copper, along with their
corresponding copper complexes, such as elesclomol-copper and
disulfiram-copper, can disrupt mitochondrial homeostasis and
induce oxidative stress, ultimately leading to ferroptosis in cancer
cells (Wollert et al., 2002; Gao et al., 2021). These findings align with
evidence that excess copper deposition generates excessive ROS
within cardiomyocytes (Huang et al., 2024).

4.5 Dual effects of copper dyshomeostasis in
the induction of HF

Copper deficiency contributes to the occurrence and progression
of HF through multiple mechanisms, particularly its impact on
oxidative stress. Copper is an essential cofactor for several
antioxidant enzymes, including Cu/Zn superoxide dismutase (Cu/
Zn SOD), CP, and LOX (Al-Aubaidy et al., 2015). Consequently,
copper deficiency can impair the activity of these enzymes, leading
to a compromised antioxidant defense system and increased
susceptibility to oxidative stress (Chen et al., 1994; Lynch and
Colón, 2006; DiNicolantonio et al., 2018). In addition to its

effects on antioxidant enzymes, copper deficiency can decrease
COX activity, leading to the oxidative inactivation of complex I
(NADH:ubiquinone oxidoreductase). This process can subsequently
increase ROS production in copper-deficient cells, thereby
exacerbating oxidative stress (Johnson and Thomas, 1999).
Copper supplementation has been shown to restore COX activity,
resulting in the reversal of myocardial hypertrophy (Jiang Y. et al.,
2007). Copper deficiency also disrupts NO homeostasis, particularly
by affecting Cu/Zn SOD activity in endothelial cells (Lynch et al.,
1997). NO is a crucial vasodilator that plays an essential role in
maintaining cardiovascular health. Reduced copper levels lower NO
production, leading to endothelial dysfunction, impaired
vasodilation, increased oxidative stress, and vascular
complications associated with HF(Al-Aubaidy et al., 2015).
Interestingly, copper deficiency has a different effect on NO
generation in the heart than in endothelial cells. For example,
Sarri et al. reported that copper deficiency promoted NO
production in the rat heart by increasing the expression of
inducible NO synthase and endothelial NO synthase proteins
(Saari and Dahlen, 1998; Saari, 2000; Saari et al., 2007). While
NO can facilitate HF through its interaction with superoxide to form
peroxynitrite, a reactive and long-lived radical that amplifies
oxidative stress (Kim et al., 1999; Wollert and Drexler, 2002),
excess ROS can also directly quench bioavailable NO. As noted
by Paolocci et al., this reduction in NO bioavailability impairs its
vasorelaxant capacity and contributes to endothelial dysfunction
(Paolocci et al., 2001). The balance between these two effects—NO
consumption through peroxynitrite formation and reduced NO
availability due to ROS quenching—underpins the endothelial
dysfunction and vascular complications observed in HF in the
context of copper deficiency. Furthermore, copper deficiency
increases cyclic guanosine monophosphate levels, which can
impair cardiac contractility and exacerbate HF progression in
animal models (Saari and Dahlen, 1998; Saari, 2000; Saari et al.,
2007). Collectively, these findings underscore the complex role of
NO in the pathophysiology of heart disease associated with copper
deficiency. However, further studies are needed to elucidate the
molecular mechanisms by which NO regulates cardiac pathologies
in the context of copper deficiency.

Decreased responsiveness to β-adrenergic stimulation is a
hallmark of copper deficiency-induced HF, as evidenced by the
reduced sensitivity of copper-deficient mouse hearts to the β-
adrenergic agonist isoproterenol (Elsherif et al., 2003). β-
Adrenergic receptors, members of the G-protein-coupled receptor
family, are regulated through changes in expression and function in
response to external stimuli, resulting in alterations in heart rate,
contractility, relaxation, and automaticity (Pfleger et al., 2019).
Dysregulation of β-adrenergic receptor signaling has been
associated with congestive heart failure caused by
cardiomyopathy. Proposed mechanisms include reduced receptor
expression, downregulation of G-proteins, or impaired adenylate
cyclase activity due to phosphorylation (Elsherif et al., 2003). The
impaired adrenergic responsiveness observed in copper-deficient
hearts raises questions about its potential relationship with altered
catecholamine metabolism under copper-deficient conditions
(Gross and Prohaska, 1990; Prohaska et al., 1990; Seidel et al.,
1991). Notably, functional changes have been shown to precede
structural damage in copper deficiency. In rats subjected to a
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copper-restricted diet for 9 or 15 months, both diastolic and systolic
dysfunctions were observed. This was indicated by a blunted
response in the maximal left ventricular pressure elevation rate
(+dP/dt), the maximal left ventricular pressure decrease rate (-dP/
dt), and the left ventricular end-diastolic pressure in response to
isoproterenol (Li et al., 2005). In a previous study, feeding copper-
deficient mice a diet adequate in copper for 4 weeks completely
restored cardiac systolic and diastolic functions, as well as
responsiveness to β-adrenergic stimulation (Elsherif et al., 2004b).
These findings indicate that the response of the heart to β-adrenergic
stimulation is dependent on copper levels.

The molecular mechanisms underlying HF induced by copper
deficiency involve disrupted cellular calcium homeostasis. Altered
myocardial contractility during end-stage HF is associated with
changes in Ca2+ cycling (Hasenfuss et al., 1996; Hasenfuss and
Pieske, 2002). This homeostasis is regulated primarily by
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA),
ryanodine receptors (RyRs), and the sodium/calcium exchanger
(NCX) (Bers, 2002). Kang et al. reported that a copper-deficient
diet markedly altered the expression of calcium cycling genes in the
mouse heart, including a reduction in L-type calcium channels, which
affected calcium release from the sarcoplasmic reticulum via
potassium-dependent NCX and RyRs. Although there is a lack of
cardiac functional data, the expression of these calcium-regulating
genes was notably normalized inmice with copper deficiency following
supplementation with a copper-replete diet (Elsherif et al., 2004a).
Additionally, copper deficiency may impair calcium homeostasis and
cardiac contractile activity by increasing phospholamban levels, which
inhibits SERCA2a-mediated calcium uptake (Elsherif et al., 2007).

Additionally, copper deficiency has been reported to lead to
alterations in myocardial gene expression in mice, particularly in
genes involved in cardiac contractility, fibrosis, and inflammation.
These changes are potential factors contributing to the alterations in
cardiac activity observed in mice with copper deficiency (Elsherif
et al., 2007). Further studies are essential to explore the underlying
mechanisms of these findings.

5 Copper-mediated cell death and HF

5.1 Copper-mediated cell death and
cuproptosis

Copper-mediated cell death was first discovered in the late 1970s
when Chan et al. identified mechanisms regulating copper levels
within healthy fibroblasts, noting that increased copper levels
resulted in cell death (Chan et al., 1978). However, the precise
mechanisms remain unknown. Since then, the copper-mediated cell
death mechanism has garnered significant attention from
researchers, and copper has been found to have dual effects.
Over the last decade, the toxicity of essential trace metals to
mammalian cells has become increasingly understood. In a recent
study, such metals were found to induce cell death through
mechanisms independent of established pathways, such as
apoptosis or necrosis, as observed with zinc and iron (Dineley
et al., 2003; Kagan et al., 2017; Du et al., 2021). This observation
may also signal the gradual emergence of a mechanism for a
noncanonical copper-induced cell death pathway.

In March 2022, Tsvetkov et al. published a groundbreaking
paper in Science unveiling cuproptosis, a unique form of regulated
cell death resulting from mitochondrial copper accumulation
(Tsvetkov et al., 2022); they reported that copper accumulation
in cells was a major factor triggering cuproptosis. Notably, after
copper ionophores induce cell death, traditional markers of cell
death, such as caspase-3, are not detected. Furthermore, only copper
chelators can rescue cells from elesclomol-induced death. Inhibiting
established cell death pathways—such as apoptosis, necroptosis,
oxidative stress, and ferroptosis—fails to prevent cell death,
highlighting the distinct nature of cuproptosis.

Tsvetkov et al. reported that copper ionophore-induced cell
death is dependent on mitochondrial respiration, as evidenced by
the heightened sensitivity of mitochondria-dependent cells to
copper ionophores, which are 1,000 times more sensitive than
glycolytic cells (Tsvetkov et al., 2022). Further investigations
revealed a time-dependent increase of tricarboxylic acid (TCA)
cycle metabolite levels in cells exposed to copper ionophores,
underscoring the close relationship between cuproptosis and the
TCA cycle (Li Y. et al., 2022). In cuproptosis, copper in cells can bind
to lipoylated components of the TCA cycle, resulting in the
aggregation of copper-bound lipoylated mitochondrial proteins.
This aggregation disrupts the TCA cycle, thereby impairing
cellular energy generation. Ferredoxin and lipoyl synthase, two
upstream regulatory factors, play significant roles in this process
and have been identified as key contributors to copper toxicity
through whole-genome clustered regularly interspaced short
palindromic repeat selection (Dreishpoon et al., 2023). The
aggregation of proteins and the subsequent decrease in iron‒
sulfur clusters—important cofactors for various cellular processes,
such as enzymatic reactions and electron transport (Lill and Freibert,
2020)—promote toxic protein stress, ultimately leading to cell
death (Figure 4).

5.2 Cuproptosis-associated mitochondrial
dysfunction and HF

Mitochondria serve as significant reservoirs of intracellular
copper, which is a critical component that regulates mitochondrial
function. Hence, pathologies and diseases resulting from copper
metabolism disorders are closely linked to mitochondrial
metabolism (Tian et al., 2023). Mitochondria are highly vulnerable
to copper-mediated injury, leading to oxidative damage to their
membranes (Arciello et al., 2005; Cobine et al., 2021).

Copper serves as a cofactor for various mitochondrial enzymes
involved in ATP production, a process that relies on the TCA cycle
and OXPHOS within mitochondria (Arnold and Finley, 2023).
However, increased copper content in cells can impair
mitochondrial activity by altering critical enzymes associated with
these processes (Sheline and Choi, 2004; Wang Z. et al., 2023). This
disruption also generates ROS, which subsequently damage the
inner mitochondrial membrane, impair the electron transport
chain, and compromise mitochondrial DNA. This damage leads
to mitochondrial dysfunction and reduced ATP production,
ultimately accelerating cell death (Tsutsui et al., 2011).

Furthermore, metabolic enzymes may undergo lipoylation, a
conserved posttranslational modification (Rowland et al., 2018).
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Lipoylation has been identified in glycine cleavage system protein H,
dihydrolipoamide branched-chain transacylase E2, dihydrolipoamide
S-acetyltransferase, and dihydrolipoamide S-succinyltransferase, all of
which are associated with metabolic complexes that regulate the entry
points of carbon into the TCA cycle (Rowland et al., 2018; Solmonson
andDeBerardinis, 2018). Lipoylation involves the attachment of lipoic
acid, a small sulfur-containing metabolite, to substrate proteins.
Notably, lipoic acid can bind copper, leading to the toxic
accumulation of lipoylated mitochondrial enzymes within the
mitochondria (Kahlson and Dixon, 2022).

Moreover, excessive copper concentrations within the
mitochondria can compromise mitochondrial membrane integrity
by disrupting the membrane potential and increasing membrane
permeability (Gyulkhandanyan et al., 2003; Reddy et al., 2008a). The
opening of transmembrane pores, a critical factor in mitochondrial
permeability transition, is not fully understood in terms of its precise
chemical nature, but it is likely associated with the release of necrotic
or apoptotic factors (Zazueta et al., 1998; Su et al., 2011).
Additionally, the strong oxidizing nature of Cu(I) further
contributes to potentially irreversible damage to the
mitochondrial membrane (Reddy et al., 2008b).

The heart is the central organ for energy production in the human
body, with about 95% of its ATP generated through oxidative
metabolism in the mitochondria (Zhou and Tian, 2018).
Consequently, mitochondrial dysfunction is linked to the onset
and progression of various cardiovascular diseases. Mitochondrial
dysfunction has been reported to affect cardiac energy supply,
inflammatory mechanisms, calcium modulation, oxidative stress,
and cell death, all of which are critical therapeutic targets for
HF(Hammadah et al., 2014; Zhang et al., 2020; Yuan et al., 2022).
In studies involving rats with HF, copper chelation and restoration
within cardiomyocytes have been shown to repair mitochondria while
improving cardiac function (Zhang et al., 2020). Hence, cuproptosis
represents a novel mechanism for treating HF.

6 Possible treatments for cuproptosis
in HF

Copper-based drugs have been extensively studied not only for
cancer treatment but also for their multifaceted impact on HF
therapy (Chen et al., 2011; Wang et al., 2024). These agents have

FIGURE 4
Cuproptosis mechanisms andmitochondrial dysfunction. Copper ionophores, such as elesclomol, bind extracellular copper and transport it into the
cell, where it interacts with lipoylated enzymes of the TCA cycle, such as DLAT. FDX1 and LIAS serve as critical upstream regulators of this process,
promoting protein aggregation and Fe-S cluster inhibition. Together, these events induce mitochondrial proteotoxic stress, ultimately leading to
cuproptosis. The figure was created via BioRender. CTR1, copper transporter 1; STEAP, six-transmembrane epithelial antigen of the prostate; ATP7A
and 7B, ATPase copper transporters 7A and 7B; α–KG, α–ketoglutarate; FDX1, ferredoxin–1; LIAS, lipoyl synthase; DLAT, dihydrolipoamide
S-acetyltransferase; Fe–S, iron–sulfur; MT, metallothionein; GSH, glutathione.
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promising effects in the treatment of HF from various perspectives.
Copper-based therapies may enhance HFmanagement by providing
individualized, targeted, and efficient treatment methods.

6.1 Copper chelators

As a chelator, triethylenetetramine (TETA) specifically and
selectively binds to Cu(II) and is used as a second-line therapy for
Wilson’s disease (Walshe, 1982; Cooper, 2011). TETA treatment can
enhance the regeneration of cardiac structure and function in HFmodel
mice with diabetes (Cooper et al., 2004; Zhang et al., 2007; 2014; Nurchi
et al., 2016) and reduce pathological left ventricular hypertrophy in
patients with diabetes (Cooper et al., 2004; 2009). Moreover, TETA can
restore cardiac pump activity by enhancing the activities of
mitochondrial proteins such as COX, mitochondrial CCS, and SOD1,
as well as by reinstating the expression of peroxisome proliferator-
activated receptor gamma coactivator-1α, an important regulatory factor
for mitochondrial biogenesis (Zhang et al., 2020). TETA has reportedly
advanced to drug development for treating HF (Cooper G, 2012).

Owing to its copper-chelating properties, tetrathiomolybdate
(TTM), which was initially developed for treating Wilson’s disease,
has been explored for its potential therapeutic benefits in HF(Pufahl
et al., 1997; Alvarez et al., 2010), which effectively prevents copper
transport and its subsequent incorporation into cuproproteins.
Although the effects of TTM on cardiac conditions remain
elusive, some studies have highlighted its ability to reduce
systemic copper overload and its associated proinflammatory
consequences, which are relevant in the context of HF. For
example, Wei et al. reported that TTM suppresses the expression
of NF-κB, TNF-α, and monocyte chemoattractant protein-1 in the
aorta and heart (Wei et al., 2011), which play crucial roles in
inflammation. These findings open avenues for exploring the role
of TMM in HF treatment, indicating the need for further research to
directly assess its efficacy in treating cardiac diseases.

6.2 Small-molecule inhibitors of copper
chaperone proteins

Copper ion chelation therapies can reduce copper levels;
however, they lead to various side effects and disrupt various
copper-dependent physiological processes (Chen et al., 2011). On
the other hand, while copper supplementation can address copper
deficiency, it carries the risk of copper overload. Excessive copper
levels can exacerbate oxidative stress through the generation of ROS,
impair mitochondrial function, and disrupt cellular homeostasis,
particularly in the heart and liver (Kaplan andMaryon, 2016). These
challenges highlight the need for more targeted approaches to
modulate copper homeostasis in HF therapy. To minimize these
adverse effects, small-molecule inhibitors of copper chaperone
proteins offer a promising alternative. Unlike chelation or
supplementation strategies, these inhibitors focus on the selective
redistribution and regulation of intracellular copper levels, thereby
reducing the risks associated with copper imbalance.

DCAC50 is a promising small-molecule inhibitor that selectively
disrupts the functions of copper chaperones by binding to proteins
such as CCS and ATOX1 (Karginova et al., 2019). ATOX1 is

involved in transporting copper to the cytosol, whereas CCS
facilitates the delivery of copper to SOD1 (Rosenzweig and
O’Halloran, 2000). In studies of atherosclerosis, ATOX1 is
increased in the intima of atherosclerotic lesions in ApoE−/− mice
and is localized to the nucleus under pathological conditions,
including hypertensive and atherosclerotic vessels (Jeney et al.,
2005; Itoh et al., 2008). Similarly, CCS plays a vital role in
angiogenesis and wound healing, with its ability to impair these
processes and contribute to the progression of cardiovascular
diseases (Fukai et al., 2018). While both ATOX1 and CCS are
critical for normal physiology, their dysregulation under
pathological conditions underscores the potential for selectively
targeting copper chaperones as a therapeutic strategy. Given the
pivotal role of copper homeostasis in maintaining cardiac function,
DCAC50 offers a targeted approach to modulate copper chaperone
activity while preserving physiological copper-dependent processes.
Further studies on small-molecule inhibitors of copper chaperone
proteins are needed to develop effective treatments for HF.

6.3 Copper ionophores

Copper ionophores represent another therapeutic strategy for
modulating copper levels and influencing related cellular pathways
in HF. Unlike copper chelators, which remove copper from cells,
copper ionophores facilitate the delivery of copper into cells, thereby
increasing the intracellular copper concentration. Some examples of
these ionophores include pyrithione, disulfiram, elesclomol, and
chloroquine (Xue et al., 2023a). Among them, elesclomol has
garnered considerable attention owing to its sensitivity to tumor
cells and its application in clinical studies for cancer therapy (O’Day
et al., 2013). However, the mechanisms underlying its selectivity
remain unelucidated, warranting further investigation to determine
whether this selectivity can be adapted for treating HF with
additional copper ionophores. Su et al. incorporated metal
supplements via a targeted ion carrier approach designed to
deliver metals to specific sites within the body (Su et al., 2018).
This strategy addresses the limitations of conventional copper
ionophores, particularly their multifunctionality and lack of
specificity, thereby opening new avenues for applying copper in
HF treatment. Additionally, nanomedicine-based drug delivery
systems are being widely explored to enable the precise delivery
of therapeutic agents (Su et al., 2018). These developments
underscore the need for future research focused on developing
more selective and targeted copper ionophores for HF therapy.

7 Conclusion and future perspectives

Overall, the diverse effects of copper on HF are linked to complex
systemic and cellular metabolism. Copper has dual effects on HF, and
excessive or deficient copper can contribute to disease progression by
regulating oxidative stress, inflammation, energy metabolism, cell
death, the response to β-adrenergic stimulation, and calcium
homeostasis. Further investigations are warranted to elucidate the
interactions among these factors and their effects on HF progression.

Copper-mediated cell death and the subsequent process of
cuproptosis can increase our understanding of the effects of
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copper on HF. The relationship between cuproptosis and
mitochondrial dysfunction in HF underscores the necessity of
exploring the molecular mechanisms associated with these
processes. The development of copper-based therapies that target
cuproptosis is a promising approach and has therapeutic potential
for the treatment of not only cancer but also cardiovascular diseases.
However, further investigations are needed to determine the role of
cuproptosis in causing cell injury and to identify reliable specific
biomarkers, which can provide crucial insights for the prevention
and management of HF.

Author contributions

ZL: Formal Analysis, Funding acquisition, Visualization,
Writing–original draft, Writing–review and editing. YG: Formal
Analysis, Visualization, Writing–original draft. ZS: Investigation,
Funding acquisition, Visualization, Writing–review and editing. SC:
Formal Analysis, Writing–review and editing. XW: Funding
acquisition, Investigation, Writing–review and editing. YL:
Conceptualization, Writing–review and editing. XL:
Conceptualization, Writing–review and editing. HF: Project
administration, Writing–review and editing. JC: Funding
acquisition, Visualization, Writing–review and editing. NL:
Visualization, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This review

received funding from the National Natural Science Foundation of
China (No. 82405146), the Shandong Province Medical and Health
Technology Project (No. 202303011361), the Shandong Province
Traditional Chinese Medicine Technology Project (No. Q-
2023006), the Doctoral Research Start-up Fund of Shandong
Second Medical University (No. 04118601 and 04118701) and
the Weifang Science and Technology Development Plan Project
(No. 2021GX058).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Al-Aubaidy, H., Al-Bayati, M., and Jamil, D. (2015). Cardiovascular effects of copper
deficiency on activity of superoxide dismutase in diabetic nephropathy. North Am.
J. Med. Sci. 7, 41–46. doi:10.4103/1947-2714.152077

Alexanian, I., Parissis, J., Farmakis, D., Athanaselis, S., Pappas, L., Gavrielatos, G.,
et al. (2014). Clinical and echocardiographic correlates of serum copper and zinc in
acute and chronic heart failure. Clin. Res. Cardiol. 103, 938–949. doi:10.1007/s00392-
014-0735-x

Aliaga, M. E., López-Alarcón, C., Bridi, R., and Speisky, H. (2016). Redox-
implications associated with the formation of complexes between copper ions and
reduced or oxidized glutathione. J. Inorg. Biochem. 154, 78–88. doi:10.1016/j.jinorgbio.
2015.08.005

Alvarez, H. M., Xue, Y., Robinson, C. D., Canalizo-Hernández, M. A., Marvin, R. G.,
Kelly, R. A., et al. (2010). Tetrathiomolybdate inhibits copper trafficking proteins
through metal cluster formation. Science 327, 331–334. doi:10.1126/science.1179907

Ambrosy, A. P., Fonarow, G. C., Butler, J., Chioncel, O., Greene, S. J., Vaduganathan,
M., et al. (2014). The global health and economic burden of hospitalizations for heart
failure: lessons learned from hospitalized heart failure registries. J. Am. Coll. Cardiol. 63,
1123–1133. doi:10.1016/j.jacc.2013.11.053

Ansteinsson, V., Refsnes, M., Skomedal, T., Osnes, J. B., Schiander, I., and Låg, M.
(2009). Zinc- and copper-induced interleukin-6 release in primary cell cultures from rat
heart. Cardiovasc Toxicol. 9, 86–94. doi:10.1007/s12012-009-9043-5

Arciello, M., Rotilio, G., and Rossi, L. (2005). Copper-dependent toxicity in SH-SY5Y
neuroblastoma cells involves mitochondrial damage. Biochem. Biophysical Res.
Commun. 327, 454–459. doi:10.1016/j.bbrc.2004.12.022

Arnold, P. K., and Finley, L. W. S. (2023). Regulation and function of the mammalian
tricarboxylic acid cycle. J. Biol. Chem. 299, 102838. doi:10.1016/j.jbc.2022.102838

Arrigo, M., Jessup, M., Mullens, W., Reza, N., Shah, A. M., Sliwa, K., et al. (2020).
Acute heart failure. Nat. Rev. Dis. Prim. 6, 16. doi:10.1038/s41572-020-0151-7

Atlihan, F., Söylemezoğlu, T., Gökçe, A., Güvendik, G., and Satici, O. (1990). Zinc and
copper in congestive heart failure. Turk J. Pediatr. 32, 33–38.

Aukrust, P., Ueland, T., Lien, E., Bendtzen, K., Müller, F., Andreassen, A. K., et al.
(2002). Involvement of extracellular signal-regulated kinases 1/2 in cardiac hypertrophy
and cell death. Circulation Res. 91, 776–781. doi:10.1016/S0002-9149(98)00872-8

Banci, L., Bertini, I., Ciofi-Baffoni, S., Kozyreva, T., Zovo, K., and Palumaa, P. (2010).
Affinity gradients drive copper to cellular destinations. Nature 465, 645–648. doi:10.
1038/nature09018

Bers, D. M. (2002). Cardiac excitation–contraction coupling. Nature 415, 198–205.
doi:10.1038/415198a

Bian, R., Wang, Y., Li, Z., and Xu, X. (2023). Identification of cuproptosis-related
biomarkers in dilated cardiomyopathy and potential therapeutic prediction of herbal
medicines. Front. Mol. Biosci. 10, 1154920. doi:10.3389/fmolb.2023.1154920

Bo, S., Durazzo, M., Gambino, R., Berutti, C., Milanesio, N., Caropreso, A., et al.
(2008). Associations of dietary and serum copper with inflammation, oxidative stress,
and metabolic variables in adults. J. Nutr. 138, 305–310. doi:10.1093/jn/138.2.305

Bonnemaison, M. L., Duffy, M. E., Mains, R. E., Vogt, S., Eipper, B. A., and Ralle, M.
(2009). Copper, zinc and calcium: imaging and quantification in anterior pituitary
secretory granules. Metallomics 8, 1012–1022. doi:10.1039/C6MT00079G

Bost, M., Houdart, S., Oberli, M., Kalonji, E., Huneau, J.-F., and Margaritis, I. (2016).
Dietary copper and human health: current evidence and unresolved issues. J. Trace
Elem. Med. Biol. 35, 107–115. doi:10.1016/j.jtemb.2016.02.006

Brewer, G. J., Danzeisen, R., Stern, B. R., Aggett, P. J., Deveau, M., Plunkett, L., et al.
(2010). Letter to the editor and reply: toxicity of copper in drinking water. J. Toxicol.
Environ. Health, Part B 13, 449–459. doi:10.1080/10937404.2010.499732

Brezová, V., Dvoranová, D., Žúbor, V., Breza, M., Mazúr, M., and Valko, M. (2007).
Photochemical properties of camptothecin in the presence of copper(II) ions: the role of
radicals as prospective species in photodynamic therapy. Mol. Biotechnol. 37, 48–51.
doi:10.1007/s12033-007-0050-0

Bueno, O. F., and Molkentin, J. D. (2002). Involvement of extracellular signal-
regulated kinases 1/2 in cardiac hypertrophy and cell death. Circulation Res. 91,
776–781. doi:10.1161/01.RES.0000038488.38975.1A

Frontiers in Pharmacology frontiersin.org13

Liu et al. 10.3389/fphar.2024.1527901

https://doi.org/10.4103/1947-2714.152077
https://doi.org/10.1007/s00392-014-0735-x
https://doi.org/10.1007/s00392-014-0735-x
https://doi.org/10.1016/j.jinorgbio.2015.08.005
https://doi.org/10.1016/j.jinorgbio.2015.08.005
https://doi.org/10.1126/science.1179907
https://doi.org/10.1016/j.jacc.2013.11.053
https://doi.org/10.1007/s12012-009-9043-5
https://doi.org/10.1016/j.bbrc.2004.12.022
https://doi.org/10.1016/j.jbc.2022.102838
https://doi.org/10.1038/s41572-020-0151-7
https://doi.org/10.1016/S0002-9149(98)00872-8
https://doi.org/10.1038/nature09018
https://doi.org/10.1038/nature09018
https://doi.org/10.1038/415198a
https://doi.org/10.3389/fmolb.2023.1154920
https://doi.org/10.1093/jn/138.2.305
https://doi.org/10.1039/C6MT00079G
https://doi.org/10.1016/j.jtemb.2016.02.006
https://doi.org/10.1080/10937404.2010.499732
https://doi.org/10.1007/s12033-007-0050-0
https://doi.org/10.1161/01.RES.0000038488.38975.1A
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1527901


Burkhead, J. L., Gogolin Reynolds, K. A., Abdel-Ghany, S. E., Cohu, C. M., and Pilon,
M. (2009). Copper homeostasis. New Phytol. 182, 799–816. doi:10.1111/j.1469-8137.
2009.02846.x

Butts, B., Gary, R. A., Dunbar, S. B., and Butler, J. (2015). The importance of
NLRP3 inflammasome in heart failure. J. Cardiac Fail. 21, 586–593. doi:10.1016/j.
cardfail.2015.04.014

Campolo, J., De Maria, R., Caruso, R., Accinni, R., Turazza, F., Parolini, M., et al.
(2023). Pyroptosis: mechanisms and diseases. Sig Transduct. Target Ther. 6, 45–50.
doi:10.1016/j.ijcard.2006.04.065

Casareno, R. L. B., Waggoner, D., and Gitlin, J. D. (2024). Targeting cuproplasia and
cuproptosis in cancer. Nat. Rev. Clin. Oncol. 21, 370–388. doi:10.1074/jbc.273.37.23625

Cenac, A., Simonoff, M., and Djibo, A. (1996). Nutritional status and plasma trace
elements in peripartum cardiomyopathy. A comparative study in Niger. Eur.
J. Cardiovasc. Prev. and Rehabilitation 3, 483–487. doi:10.1177/174182679600300601

Chan, W.-Y., Garnica, A. D., and Rennert, O. M. (1978). Cell culture studies of
menkes kinky hair disease. Clin. Chim. Acta 88, 495–507. doi:10.1016/0009-8981(78)
90284-X

Chen, F., Du, M., Blumberg, J. B., Ho Chui, K. K., Ruan, M., Rogers, G., et al. (2004).
Association among dietary supplement use, nutrient intake, and mortality among U.S.
Adults. J. Nutr. 134, 855–860. doi:10.7326/M18-2478

Chen, L., Min, J., and Wang, F. (2021a). Copper homeostasis and cuproptosis in
health and disease. Sig Transduct. Target Ther. 7, 378. doi:10.1038/s41392-022-01229-y

Chen, X., Cai, Q., Liang, R., Zhang, D., Liu, X., Zhang, M., et al. (2011). Copper
homeostasis and copper-induced cell death in the pathogenesis of cardiovascular
disease and therapeutic strategies. Cell Death Dis. 14, 105. doi:10.1038/s41419-023-
05639-w

Chen, X., Dou, Q. P., Liu, J., and Tang, D. (2021b). Targeting ubiquitin–proteasome
system with copper complexes for cancer therapy. Front. Mol. Biosci. 8, 649151. doi:10.
3389/fmolb.2021.649151

Chen, Y., Saari, J. T., and Kang, Y. J. (1994). Weak antioxidant defenses make the
heart a target for damage in copper-deficient rats. Free Radic. Biol. Med. 17, 529–536.
doi:10.1016/0891-5849(94)90092-2

Cheung, C. C. H., Soon, C. Y., Chuang, C.-L., Phillips, A. R. J., Zhang, S., and Cooper,
G. J. S. (2015). Low-dose copper infusion into the coronary circulation induces acute
heart failure in diabetic rats: new mechanism of heart disease. Biochem. Pharmacol. 97,
62–76. doi:10.1016/j.bcp.2015.06.027

Cobine, P. A., Moore, S. A., and Leary, S. C. (2021). Getting out what you put in:
copper in mitochondria and its impacts on human disease. Biochimica Biophysica Acta
(BBA) - Mol. Cell Res. 1868, 118867. doi:10.1016/j.bbamcr.2020.118867

Cooper, G. J. S. (2011). Therapeutic potential of copper chelation with
triethylenetetramine in managing diabetes mellitus and Alzheimerʼs disease. Drugs
71, 1281–1320. doi:10.2165/11591370-000000000-00000

Cooper, G. J. S., Phillips, A. R. J., Choong, S. Y., Leonard, B. L., Crossman, D. J.,
Brunton, D. H., et al. (2004). Regeneration of the heart in diabetes by selective copper
chelation. Diabetes 53, 2501–2508. doi:10.2337/diabetes.53.9.2501

Cooper, G. J. S., Young, A. A., Gamble, G. D., Occleshaw, C. J., Dissanayake, A. M.,
Cowan, B. R., et al. (2009). A copper(II)-selective chelator ameliorates left-ventricular
hypertrophy in type 2 diabetic patients: a randomised placebo-controlled study.
Diabetologia 52, 715–722. doi:10.1007/s00125-009-1265-3

Cooper G, J. S. (2012). Selective divalent copper chelation for the treatment of diabetes
mellitus. CMC 19, 2828–2860. doi:10.2174/092986712800609715

Cunha, S. da, Albanesi Filho, F. M., Bastos, V. L. F. da C., Antelo, D. S., and Souza, M.
M. de (2002). Thiamin, selenium, and copper levels in patients with idiopathic dilated
cardiomyopathy taking diuretics. Arq. Bras. Cardiol. 79, 454–465. doi:10.1590/S0066-
782X2002001400003

Dancis, A., Roman, D. G., Anderson, G. J., Hinnebusch, A. G., and Klausner, R. D.
(1992). Ferric reductase of Saccharomyces cerevisiae: molecular characterization, role in
iron uptake, and transcriptional control by iron. Proc. Natl. Acad. Sci. U.S.A. 89,
3869–3873. doi:10.1073/pnas.89.9.3869

de Lorgeril, M., Salen, P., Accominotti, M., Cadau, M., Steghens, J., Boucher, F., et al.
(2001). Dietary and blood antioxidants in patients with chronic heart failure. Insights
into the potential importance of selenium in heart failure. Eur. J Heart Fail 3, 661–669.
doi:10.1016/S1388-9842(01)00179-9

Deng, H., Zhu, S., Yang, H., Cui, H., Guo, H., Deng, J., et al. (2023). Pyroptosis:
mechanisms and diseases. Sig Transduct. Target Ther. 6, 539–548. doi:10.1007/s12011-
022-03171-0

Dhalla, N. S., Temsah, R. M., and Netticadan, T. (2000). Role of oxidative stress in
cardiovascular diseases. J. Hypertens. 18, 655–673. doi:10.1097/00004872-200018060-
00002

Díaz-Vélez, C. R., García-Castiñeiras, S., Mendoza-Ramos, E., and Hernández-López,
E. (1996). Increased malondialdehyde in peripheral blood of patients with congestive
heart failure. Am. Heart J. 131, 146–152. doi:10.1016/S0002-8703(96)90063-0

Dineley, K. E., Votyakova, T. V., and Reynolds, I. J. (2003). Zinc inhibition of cellular
energy production: implications for mitochondria and neurodegeneration.
J. Neurochem. 85, 563–570. doi:10.1046/j.1471-4159.2003.01678.x

DiNicolantonio, J. J., Mangan, D., and O’Keefe, J. H. (2018). Copper deficiency may be
a leading cause of ischaemic heart disease.Open Heart 5, e000784. doi:10.1136/openhrt-
2018-000784

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C.
E., et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell
149, 1060–1072. doi:10.1016/j.cell.2012.03.042

Dreishpoon, M. B., Bick, N. R., Petrova, B., Warui, D. M., Cameron, A., Booker, S. J.,
et al. (2023). FDX1 regulates cellular protein lipoylation through direct binding to LIAS.
J. Biol. Chem. 299, 105046. doi:10.1016/j.jbc.2023.105046

Du, W., Gu, M., Hu, M., Pinchi, P., Chen,W., Ryan, M., et al. (2021). Lysosomal Zn2+
release triggers rapid, mitochondria-mediated, non-apoptotic cell death in metastatic
melanoma. Cell Rep. 37, 109848. doi:10.1016/j.celrep.2021.109848

Dupont, C. L., Grass, G., and Rensing, C. (2011). Copper toxicity and the origin of
bacterial resistance—new insights and applications. Metallomics 3, 1109–1118. doi:10.
1039/c1mt00107h

Dupuy, F., Tabariès, S., Andrzejewski, S., Dong, Z., Blagih, J., Annis, M. G., et al.
(2015). PDK1-Dependent metabolic reprogramming dictates metastatic potential in
breast cancer. Cell Metab. 22, 577–589. doi:10.1016/j.cmet.2015.08.007

Elsherif, L., Jiang, Y., Saari, J. T., and Kang, Y. J. (2004a). Dietary copper restriction-
induced changes in myocardial gene expression and the effect of copper repletion.
Exp. Biol. Med. (Maywood) 229, 616–622. doi:10.1177/153537020422900705

Elsherif, L., Jiang, Y., Saari, J. T., Kang, Y. J., Relling, D. P., Esberg, L. B., et al. (2007).
Dietary interaction of high fat and marginal copper deficiency on cardiac contractile
function. Obesity 15, 1242–1257. doi:10.1038/oby.2007.146

Elsherif, L., Ortines, R. V., Saari, J. T., and Kang, Y. J. (2003). Congestive heart failure
in copper-deficient mice. Exp. Biol. Med. (Maywood) 228, 811–817. doi:10.1177/
15353702-0322807-06

Elsherif, L., Ortines, R. V., Saari, J. T., Kang, Y. J., Elsherif, L., Wang, L., et al. (2004b).
Regression of dietary copper restriction-induced cardiomyopathy by copper repletion in
mice. J. Nutr. 134, 855–860. doi:10.1093/jn/134.4.855

Fan, H., Wang, K., Zhao, X., Song, B., Yao, T., Liu, T., et al. (2005). Emerging insights
into cuproptosis and copper metabolism: implications for age-related diseases and
potential therapeutic strategies. Front. Aging Neurosci. 16, 1335122. doi:10.3389/fnagi.
2024.1335122

Festa, R. A., and Thiele, D. J. (2011). Copper: an essential metal in biology. Curr. Biol.
21, R877–R883. doi:10.1016/j.cub.2011.09.040

Finney, L. A., and O’Halloran, T. V. (2003). Transition metal speciation in the cell:
insights from the chemistry of metal ion receptors. Science 300, 931–936. doi:10.1126/
science.1085049

Fukai, T., Ushio-Fukai, M., and Kaplan, J. H. (2018). Copper transporters and copper
chaperones: roles in cardiovascular physiology and disease. Am. J. Physiology-Cell
Physiology 315, C186–C201. doi:10.1152/ajpcell.00132.2018

Gao, W., Huang, Z., Duan, J., Nice, E. C., Lin, J., and Huang, C. (2021). Elesclomol
induces copper-dependent ferroptosis in colorectal cancer cells via degradation of
ATP7A. Mol. Oncol. 15, 3527–3544. doi:10.1002/1878-0261.13079

Georgatsou, E., Mavrogiannis, L. A., Fragiadakis, G. S., and Alexandraki, D. (1997).
The yeast fre1p/fre2p cupric reductases facilitate copper uptake and are regulated by the
copper-modulated Mac1p activator. J. Biol. Chem. 272, 13786–13792. doi:10.1074/jbc.
272.21.13786

Ghaemian, A., Salehifar, E., Jalalian, R., Ghasemi, F., Azizi, S., Masoumi, S., et al. (2011).
Zinc and copper levels in severe heart failure and the effects of atrial fibrillation on the zinc
and copper status. Biol. Trace Elem. Res. 143, 1239–1246. doi:10.1007/s12011-011-8956-6

Ghatak, A., Brar, M. J. S., Agarwal, A., Goel, N., Rastogi, A. K., Vaish, A. K., et al.
(1996). Oxy free radical system in heart failure and therapeutic role of oral vitamin E.
Int. J. Cardiol. 57, 119–127. doi:10.1016/S0167-5273(96)02787-8

Gross, A. M., and Prohaska, J. R. (1990). Copper-deficient mice have higher cardiac
norepinephrine turnover. J. Nutr. 120, 88–96. doi:10.1093/jn/120.1.88

Grubman, A., and White, A. R. (2014). Copper as a key regulator of cell signalling
pathways. Expert Rev. Mol. Med. 16, e11. doi:10.1017/erm.2014.11

Guo, H., Ouyang, Y., Yin, H., Cui, H., Deng, H., Liu, H., et al. (2022a). Induction of
autophagy via the ROS-dependent AMPK-mTOR pathway protects copper-induced
spermatogenesis disorder. Redox Biol. 49, 102227. doi:10.1016/j.redox.2021.102227

Guo, H., Wang, Y., Cui, H., Ouyang, Y., Yang, T., Liu, C., et al. (2022b). Copper
induces spleen damage through modulation of oxidative stress, apoptosis, DNA
damage, and inflammation. Biol. Trace Elem. Res. 200, 669–677. doi:10.1007/s12011-
021-02672-8

Gupta, A., and Lutsenko, S. (2009). Human copper transporters: mechanism, role in
human diseases and therapeutic potential. Future Med. Chem. 1, 1125–1142. doi:10.
4155/fmc.09.84

Gyulkhandanyan, A. V., Feeney, C. J., and Pennefather, P. S. (2003). Modulation of
mitochondrial membrane potential and reactive oxygen species production by copper in
astrocytes. J. Neurochem. 87, 448–460. doi:10.1046/j.1471-4159.2003.02029.x

Halliwell, B., and Gutteridge, J. M. C. (1984). Oxygen toxicity, oxygen radicals,
transition metals and disease. Biochem. J. 219, 1–14. doi:10.1042/bj2190001

Frontiers in Pharmacology frontiersin.org14

Liu et al. 10.3389/fphar.2024.1527901

https://doi.org/10.1111/j.1469-8137.2009.02846.x
https://doi.org/10.1111/j.1469-8137.2009.02846.x
https://doi.org/10.1016/j.cardfail.2015.04.014
https://doi.org/10.1016/j.cardfail.2015.04.014
https://doi.org/10.1016/j.ijcard.2006.04.065
https://doi.org/10.1074/jbc.273.37.23625
https://doi.org/10.1177/174182679600300601
https://doi.org/10.1016/0009-8981(78)90284-X
https://doi.org/10.1016/0009-8981(78)90284-X
https://doi.org/10.7326/M18-2478
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.1038/s41419-023-05639-w
https://doi.org/10.1038/s41419-023-05639-w
https://doi.org/10.3389/fmolb.2021.649151
https://doi.org/10.3389/fmolb.2021.649151
https://doi.org/10.1016/0891-5849(94)90092-2
https://doi.org/10.1016/j.bcp.2015.06.027
https://doi.org/10.1016/j.bbamcr.2020.118867
https://doi.org/10.2165/11591370-000000000-00000
https://doi.org/10.2337/diabetes.53.9.2501
https://doi.org/10.1007/s00125-009-1265-3
https://doi.org/10.2174/092986712800609715
https://doi.org/10.1590/S0066-782X2002001400003
https://doi.org/10.1590/S0066-782X2002001400003
https://doi.org/10.1073/pnas.89.9.3869
https://doi.org/10.1016/S1388-9842(01)00179-9
https://doi.org/10.1007/s12011-022-03171-0
https://doi.org/10.1007/s12011-022-03171-0
https://doi.org/10.1097/00004872-200018060-00002
https://doi.org/10.1097/00004872-200018060-00002
https://doi.org/10.1016/S0002-8703(96)90063-0
https://doi.org/10.1046/j.1471-4159.2003.01678.x
https://doi.org/10.1136/openhrt-2018-000784
https://doi.org/10.1136/openhrt-2018-000784
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.jbc.2023.105046
https://doi.org/10.1016/j.celrep.2021.109848
https://doi.org/10.1039/c1mt00107h
https://doi.org/10.1039/c1mt00107h
https://doi.org/10.1016/j.cmet.2015.08.007
https://doi.org/10.1177/153537020422900705
https://doi.org/10.1038/oby.2007.146
https://doi.org/10.1177/15353702-0322807-06
https://doi.org/10.1177/15353702-0322807-06
https://doi.org/10.1093/jn/134.4.855
https://doi.org/10.3389/fnagi.2024.1335122
https://doi.org/10.3389/fnagi.2024.1335122
https://doi.org/10.1016/j.cub.2011.09.040
https://doi.org/10.1126/science.1085049
https://doi.org/10.1126/science.1085049
https://doi.org/10.1152/ajpcell.00132.2018
https://doi.org/10.1002/1878-0261.13079
https://doi.org/10.1074/jbc.272.21.13786
https://doi.org/10.1074/jbc.272.21.13786
https://doi.org/10.1007/s12011-011-8956-6
https://doi.org/10.1016/S0167-5273(96)02787-8
https://doi.org/10.1093/jn/120.1.88
https://doi.org/10.1017/erm.2014.11
https://doi.org/10.1016/j.redox.2021.102227
https://doi.org/10.1007/s12011-021-02672-8
https://doi.org/10.1007/s12011-021-02672-8
https://doi.org/10.4155/fmc.09.84
https://doi.org/10.4155/fmc.09.84
https://doi.org/10.1046/j.1471-4159.2003.02029.x
https://doi.org/10.1042/bj2190001
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1527901


Hammadah, M., Fan, Y., Wu, Y., Hazen, S. L., and Tang, W. H. W. (2014). Prognostic
value of elevated serum ceruloplasmin levels in patients with heart failure. J. Cardiac
Fail. 20, 946–952. doi:10.1016/j.cardfail.2014.08.001

Hansson, G. K., and Hermansson, A. (2011). The immune system in atherosclerosis.
Nat. Immunol. 12, 204–212. doi:10.1038/ni.2001

Hasenfuss, G., and Pieske, B. (2002). Calcium cycling in congestive heart failure.
J. Mol. Cell. Cardiol. 34, 951–969. doi:10.1006/jmcc.2002.2037

Hasenfuss, G., Reinecke, H., Studer, R., Pieske, B., Meyer, M., Drexler, H., et al. (1996).
Calcium cycling proteins and forcefrequency relationship in heart failure. Basic Res.
Cardiol. 91, 17–22. doi:10.1007/BF00795357

Heidenreich, P. A., Bozkurt, B., Aguilar, D., Allen, L. A., Byun, J. J., Colvin, M. M.,
et al. (2022). 2022 AHA/ACC/HFSA guideline for the management of heart failure: a
report of the American college of cardiology/American heart association joint
committee on clinical practice guidelines. Circulation 145, e895–e1032. doi:10.1161/
CIR.0000000000001063

Hellman, N. E., Kono, S., Mancini, G. M., Hoogeboom, A. J., de Jong, G. J., and Gitlin,
J. D. (2002). Mechanisms of copper incorporation into human ceruloplasmin. J. Biol.
Chem. 277, 46632–46638. doi:10.1074/jbc.M206246200

Heymans, S., Hirsch, E., Anker, S. D., Aukrust, P., Balligand, J., Cohen-Tervaert, J. W.,
et al. (2009). Inflammation as a therapeutic target in heart failure? A scientific statement
from the translational research committee of the heart failure association of the
European society of cardiology. Eur. J Heart Fail 11, 119–129. doi:10.1093/eurjhf/
hfn043

Hirschhorn, T., and Stockwell, B. R. (2019). The development of the concept of
ferroptosis. Free Radic. Biol. Med. 133, 130–143. doi:10.1016/j.freeradbiomed.2018.
09.043

Hiser, L., Di Valentin, M., Hamer, A. G., and Hosler, J. P. (2000). Cox11p is required
for stable formation of the CuBand magnesium centers of cytochrome c oxidase. J. Biol.
Chem. 275, 619–623. doi:10.1074/jbc.275.1.619

Huang, X., Shi, Z., Ming, G., Xu, D., and Cheng, S. (2024). S-Allyl-L-cysteine (SAC)
inhibits copper-induced apoptosis and cuproptosis to alleviate cardiomyocyte injury.
Biochem. Biophysical Res. Commun. 730, 150341. doi:10.1016/j.bbrc.2024.150341

Hughes, W. M., Rodriguez, W. E., Rosenberger, D., Chen, J., Sen, U., Tyagi, N., et al.
(2008). Role of copper and homocysteine in pressure overload heart failure. Cardiovasc
Toxicol. 8, 137–144. doi:10.1007/s12012-008-9021-3

Itoh, S., Kim, H. W., Nakagawa, O., Ozumi, K., Lessner, S. M., Aoki, H., et al. (2008).
Novel role of antioxidant-1 (Atox1) as a copper-dependent transcription factor involved
in cell proliferation. J. Biol. Chem. 283, 9157–9167. doi:10.1074/jbc.M709463200

Jeney, V., Itoh, S., Wendt, M., Gradek, Q., Ushio-Fukai, M., Harrison, D. G., et al.
(2005). Role of antioxidant-1 in extracellular superoxide dismutase function and
expression. Circulation Res. 96, 723–729. doi:10.1161/01.RES.0000162001.57896.66

Jian, Z., Guo, H., Liu, H., Cui, H., Fang, J., Zuo, Z., et al. (2020). Oxidative stress,
apoptosis and inflammatory responses involved in copper-induced pulmonary toxicity
in mice. Aging 12, 16867–16886. doi:10.18632/aging.103585

Jiang, K., Tu, Z., Chen, K., Xu, Y., Chen, F., Xu, S., et al. (2007a). Photochemical
properties of camptothecin in the presence of copper(II) ions: the role of radicals as
prospective species in photodynamic therapy. Mol. Biotechnol. 37, 48–51. doi:10.1172/
JCI151268

Jiang, Y., Huo, Z., Qi, X., Zuo, T., and Wu, Z. (2022). Copper-induced tumor cell
death mechanisms and antitumor theragnostic applications of copper complexes.
Nanomedicine (Lond.) 17, 303–324. doi:10.2217/nnm-2021-0374

Jiang, Y., Reynolds, C., Xiao, C., Feng, W., Zhou, Z., Rodriguez, W., et al. (2007b).
Dietary copper supplementation reverses hypertrophic cardiomyopathy induced by
chronic pressure overload in mice. J. Exp. Med. 204, 657–666. doi:10.1084/jem.20061943

Johnson, W. T., and Thomas, A. C. (1999). Copper deprivation potentiates oxidative
stress in HL-60 cell mitochondria. Proc. Soc. Exp. Biol. Med. 221, 147–152. doi:10.1046/j.
1525-1373.1999.d01-68.x

Kagan, V. E., Mao, G., Qu, F., Angeli, J. P. F., Doll, S., Croix, C. S., et al. (2017).
Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 13,
81–90. doi:10.1038/nchembio.2238

Kahlson, M. A., and Dixon, S. J. (2022). Copper-induced cell death. Science 375,
1231–1232. doi:10.1126/science.abo3959

Kaplan, J. H., and Maryon, E. B. (2016). How mammalian cells acquire copper: an
essential but potentially toxic metal. Biophysical J. 110, 7–13. doi:10.1016/j.bpj.2015.
11.025

Karabacak, M., Dogan, A., Tayyar, S., and Bas, H. A. (2014). Oxidative stress status
increase in patients with nonischemic heart failure. Med. Princ. Pract. 23, 532–537.
doi:10.1159/000365512

Karginova, O., Weekley, C. M., Raoul, A., Alsayed, A., Wu, T., Lee, S. S.-Y., et al.
(2019). Inhibition of copper transport induces apoptosis in triple-negative breast cancer
cells and suppresses tumor angiogenesis. Mol. Cancer Ther. 18, 873–885. doi:10.1158/
1535-7163.MCT-18-0667

Kawakami, M., Inagawa, R., Hosokawa, T., Saito, T., and Kurasaki, M. (2008).
Mechanism of apoptosis induced by copper in PC12 cells. Food Chem. Toxicol. 46,
2157–2164. doi:10.1016/j.fct.2008.02.014

Keceli, G., Gupta, A., Sourdon, J., Gabr, R., Schär, M., Dey, S., et al. (2022).
Mitochondrial creatine kinase attenuates pathologic remodeling in heart failure.
Circ. Res. 130, 741–759. doi:10.1161/CIRCRESAHA.121.319648

Kim, H., Wu, X., Lee, J., Kim, H., Wu, X., and Lee, J. (2013). SLC31 (CTR) family of
copper transporters in health and disease.Mol. Aspects Med. 34, 561–570. doi:10.1016/j.
mam.2012.07.011

Kim, Y.-M., Bombeck, C. A., and Billiar, T. R. (1999). Nitric oxide as a bifunctional
regulator of apoptosis. Circulation Res. 84, 253–256. doi:10.1161/01.RES.84.3.253

Klevay, L. M. (2006). Heart failure improvement from a supplement containing
copper. Eur. Heart J. 27, 117–118. doi:10.1093/eurheartj/ehi634

Koşar, F., Sahin, I., Taşkapan, C., Küçükbay, Z., Güllü, H., Taşkapan, H., et al. (2006).
Trace element status (Se, Zn, Cu) in heart failure. Anadolu Kardiyol. Derg. 6, 216–220.

Kovacs, S. B., and Miao, E. A. (2017). Gasdermins: effectors of pyroptosis. Trends Cell
Biol. 27, 673–684. doi:10.1016/j.tcb.2017.05.005

Krężel, A., and Maret, W. (2017). The functions of metamorphic metallothioneins in
zinc and copper metabolism. IJMS 18, 1237. doi:10.3390/ijms18061237

Kunutsor, S. K., Voutilainen, A., Kurl, S., and Laukkanen, J. A. (2022). Serum copper-
to-zinc ratio is associated with heart failure and improves risk prediction in middle-aged
and older Caucasian men: a prospective study. Nutr. Metabolism Cardiovasc. Dis. 32,
1924–1935. doi:10.1016/j.numecd.2022.05.005

La Fontaine, S., Ackland, M. L., and Mercer, J. F. B. (2010). Mammalian copper-
transporting P-type ATPases, ATP7A and ATP7B: emerging roles. Int. J. Biochem. and
Cell Biol. 42, 206–209. doi:10.1016/j.biocel.2009.11.007

La Fontaine, S., and Mercer, J. F. B. (2007). Trafficking of the copper-ATPases,
ATP7A and ATP7B: role in copper homeostasis. Archives Biochem. Biophysics 463,
149–167. doi:10.1016/j.abb.2007.04.021

Leary, S. C., Kaufman, B. A., Pellecchia, G., Guercin, G. H., Mattman, A., Jaksch, M.,
et al. (2004). Human SCO1 and SCO2 have independent, cooperative functions in
copper delivery to cytochrome c oxidase.Hum.Mol. Genet. 13, 1839–1848. doi:10.1093/
hmg/ddh197

Leary, S. C., and Ralle, M. (2020). Advances in visualization of copper in mammalian
systems using X-ray fluorescence microscopy. Curr. Opin. Chem. Biol. 55, 19–25. doi:10.
1016/j.cbpa.2019.12.002

Lee, J., Petris, M. J., and Thiele, D. J. (2002). Characterization of mouse embryonic
cells deficient in the ctr1 high affinity copper transporter. Identification of a Ctr1-
independent copper transport system. J. Biol. Chem. 277, 40253–40259. doi:10.1074/jbc.
M208002200

Leitch, J. M., Yick, P. J., and Culotta, V. C. (2009). The right to choose: multiple
pathways for activating Copper,Zinc superoxide dismutase. J. Biol. Chem. 284,
24679–24683. doi:10.1074/jbc.R109.040410

Levine, B., Kalman, J., Mayer, L., Fillit, H. M., and Packer, M. (1990). Elevated
circulating levels of tumor necrosis factor in severe chronic heart failure.N. Engl. J. Med.
323, 236–241. doi:10.1056/NEJM199007263230405

Li, A., Gao, M., Liu, B., Qin, Y., chen, L., Liu, H., et al. (2022a). Mitochondrial
autophagy: molecular mechanisms and implications for cardiovascular disease. Cell
Death Dis. 13, 444. doi:10.1038/s41419-022-04906-6

Li, D., Liu, X., Pi, W., Zhang, Y., Yu, L., Xu, C., et al. (2016). Fisetin attenuates
doxorubicin-induced cardiomyopathy in vivo and in vitro by inhibiting ferroptosis
through SIRT1/nrf2 signaling pathway activation. Front. Pharmacol. 12, 808480. doi:10.
3389/fphar.2021.808480

Li, L., Tan, J., Miao, Y., Lei, P., and Zhang, Q. (2015). ROS and autophagy: interactions
and molecular regulatory mechanisms. Cell Mol. Neurobiol. 35, 615–621. doi:10.1007/
s10571-015-0166-x

Li, S., Zhao, H., Wang, Y., Shao, Y., Wang, B., Wang, Y., et al. (2018). Regulation of
autophagy factors by oxidative stress and cardiac enzymes imbalance during arsenic or/
and copper induced cardiotoxicity in Gallus gallus. Ecotoxicol. Environ. Saf. 148,
125–134. doi:10.1016/j.ecoenv.2017.10.018

Li, Y., Wang, L., Schuschke, D. A., Zhou, Z., Saari, J. T., and Kang, Y. J. (2005).
Marginal dietary copper restriction induces cardiomyopathy in rats. J. Nutr. 135,
2130–2136. doi:10.1093/jn/135.9.2130

Li, Y., Yang, J., Zhang, Q., Xu, S., Sun, W., Ge, S., et al. (2022b). Copper ionophore
elesclomol selectively targets GNAQ/11-mutant uveal melanoma. Oncogene 41,
3539–3553. doi:10.1038/s41388-022-02364-0

Liang, Z. D., Tsai, W.-B., Lee, M.-Y., Savaraj, N., and Kuo, M. T. (2012). Specificity
protein 1 (Sp1) oscillation is involved in copper homeostasis maintenance by regulating
human high-affinity copper transporter 1 expression. Mol. Pharmacol. 81, 455–464.
doi:10.1124/mol.111.076422

Liao, J., Yang, F., Tang, Z., Yu,W., Han, Q., Hu, L., et al. (2019). Inhibition of Caspase-
1-dependent pyroptosis attenuates copper-induced apoptosis in chicken hepatocytes.
Ecotoxicol. Environ. Saf. 174, 110–119. doi:10.1016/j.ecoenv.2019.02.069

Lill, R., and Freibert, S.-A. (2020). Mechanisms of mitochondrial iron-sulfur protein
biogenesis.Annu. Rev. Biochem. 89, 471–499. doi:10.1146/annurev-biochem-013118-111540

Liu, H., Guo, H., Deng, H., Cui, H., Fang, J., Zuo, Z., et al. (2020). Copper induces
hepatic inflammatory responses by activation of MAPKs and NF-κB signalling

Frontiers in Pharmacology frontiersin.org15

Liu et al. 10.3389/fphar.2024.1527901

https://doi.org/10.1016/j.cardfail.2014.08.001
https://doi.org/10.1038/ni.2001
https://doi.org/10.1006/jmcc.2002.2037
https://doi.org/10.1007/BF00795357
https://doi.org/10.1161/CIR.0000000000001063
https://doi.org/10.1161/CIR.0000000000001063
https://doi.org/10.1074/jbc.M206246200
https://doi.org/10.1093/eurjhf/hfn043
https://doi.org/10.1093/eurjhf/hfn043
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.1074/jbc.275.1.619
https://doi.org/10.1016/j.bbrc.2024.150341
https://doi.org/10.1007/s12012-008-9021-3
https://doi.org/10.1074/jbc.M709463200
https://doi.org/10.1161/01.RES.0000162001.57896.66
https://doi.org/10.18632/aging.103585
https://doi.org/10.1172/JCI151268
https://doi.org/10.1172/JCI151268
https://doi.org/10.2217/nnm-2021-0374
https://doi.org/10.1084/jem.20061943
https://doi.org/10.1046/j.1525-1373.1999.d01-68.x
https://doi.org/10.1046/j.1525-1373.1999.d01-68.x
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1126/science.abo3959
https://doi.org/10.1016/j.bpj.2015.11.025
https://doi.org/10.1016/j.bpj.2015.11.025
https://doi.org/10.1159/000365512
https://doi.org/10.1158/1535-7163.MCT-18-0667
https://doi.org/10.1158/1535-7163.MCT-18-0667
https://doi.org/10.1016/j.fct.2008.02.014
https://doi.org/10.1161/CIRCRESAHA.121.319648
https://doi.org/10.1016/j.mam.2012.07.011
https://doi.org/10.1016/j.mam.2012.07.011
https://doi.org/10.1161/01.RES.84.3.253
https://doi.org/10.1093/eurheartj/ehi634
https://doi.org/10.1016/j.tcb.2017.05.005
https://doi.org/10.3390/ijms18061237
https://doi.org/10.1016/j.numecd.2022.05.005
https://doi.org/10.1016/j.biocel.2009.11.007
https://doi.org/10.1016/j.abb.2007.04.021
https://doi.org/10.1093/hmg/ddh197
https://doi.org/10.1093/hmg/ddh197
https://doi.org/10.1016/j.cbpa.2019.12.002
https://doi.org/10.1016/j.cbpa.2019.12.002
https://doi.org/10.1074/jbc.M208002200
https://doi.org/10.1074/jbc.M208002200
https://doi.org/10.1074/jbc.R109.040410
https://doi.org/10.1056/NEJM199007263230405
https://doi.org/10.1038/s41419-022-04906-6
https://doi.org/10.3389/fphar.2021.808480
https://doi.org/10.3389/fphar.2021.808480
https://doi.org/10.1007/s10571-015-0166-x
https://doi.org/10.1007/s10571-015-0166-x
https://doi.org/10.1016/j.ecoenv.2017.10.018
https://doi.org/10.1093/jn/135.9.2130
https://doi.org/10.1038/s41388-022-02364-0
https://doi.org/10.1124/mol.111.076422
https://doi.org/10.1016/j.ecoenv.2019.02.069
https://doi.org/10.1146/annurev-biochem-013118-111540
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1527901


pathways in the mouse. Ecotoxicol. Environ. Saf. 201, 110806. doi:10.1016/j.ecoenv.
2020.110806

Liu, Y., and Miao, J. (2022). An emerging role of defective copper metabolism in heart
disease. Nutrients 14, 700. doi:10.3390/nu14030700

Lopaschuk, G. D., Karwi, Q. G., Tian, R., Wende, A. R., and Abel, E. D. (2021).
Cardiac energy metabolism in heart failure. Circulation Res. 128, 1487–1513. doi:10.
1161/CIRCRESAHA.121.318241

Lu, J., Liu, X., Li, X., Li, H., Shi, L., Xia, X., et al. (2024). Copper regulates the host
innate immune response against bacterial infection via activation of ALPK1 kinase.
Proc. Natl. Acad. Sci. U.S.A. 121, e2311630121. doi:10.1073/pnas.2311630121

Lutsenko, S. (2021). Dynamic and cell-specific transport networks for intracellular
copper ions. J. Cell Sci. 134, jcs240523. doi:10.1242/jcs.240523

Lutsenko, S., Barnes, N. L., Bartee, M. Y., and Dmitriev, O. Y. (2007a). Function and
regulation of human copper-transporting ATPases. Physiol. Rev. 87, 1011–1046. doi:10.
1152/physrev.00004.2006

Lutsenko, S., LeShane, E. S., and Shinde, U. (2007b). Biochemical basis of regulation of
human copper-transporting ATPases. Archives Biochem. Biophysics 463, 134–148.
doi:10.1016/j.abb.2007.04.013

Luza, S., and Speisky, H. (1996). Liver copper storage and transport during
development: implications for cytotoxicity. Am. J. Clin. Nutr. 63, 812S–820S. doi:10.
1093/ajcn/63.5.812

Lynch, S. M., and Colón,W. (2006). Dominant role of copper in the kinetic stability of
Cu/Zn superoxide dismutase. Biochem. Biophysical Res. Commun. 340, 457–461. doi:10.
1016/j.bbrc.2005.12.024

Lynch, S. M., Frei, B., Morrow, J. D., Roberts, L. J., Xu, A., Jackson, T., et al. (1997).
Vascular superoxide dismutase deficiency impairs endothelial vasodilator function
through direct inactivation of nitric oxide and increased lipid peroxidation. ATVB
17, 2975–2981. doi:10.1161/01.ATV.17.11.2975

Málek, F., Dvorák, J., Jiresová, E., and Spacek, R. (2003). Difference of baseline serum
copper levels between groups of patients with different one year mortality and
morbidity and chronic heart failure. Cent. Eur. J. Public Health 11, 198–201.

Malek, F., Jiresova, E., Dohnalova, A., Koprivova, H., and Spacek, R. (2006). Serum
copper as a marker of inflammation in prediction of short term outcome in high risk
patients with chronic heart failure. Int. J. Cardiol. 113, E51–E53. doi:10.1016/j.ijcard.
2006.05.022

Martini, E., Cremonesi, M., Felicetta, A., Serio, S., Puccio, S., Pelamatti, E., et al.
(2024). Autoimmune-like mechanism in heart failure enables preventive vaccine
therapy. Circulation Res. doi:10.1161/CIRCRESAHA.124.324999

Maryon, E. B., Molloy, S. A., Ivy, K., Yu, H., and Kaplan, J. H. (2013). Rate and
regulation of copper transport by human copper transporter 1 (hCTR1). J. Biol. Chem.
288, 18035–18046. doi:10.1074/jbc.M112.442426

Mason, K. E. (1979). A conspectus of research on copper metabolism and
requirements of man. J. Nutr. 109, 1979–2066. doi:10.1093/jn/109.11.1979

Maung, M. T., Carlson, A., Olea-Flores, M., Elkhadragy, L., Schachtschneider, K. M.,
Navarro-Tito, N., et al. (2021). The molecular and cellular basis of copper dysregulation
and its relationship with human pathologies. FASEB J. 35, e21810. doi:10.1096/fj.
202100273RR

Mazi, T. A., Shibata, N. M., and Medici, V. (2020). Lipid and energy metabolism in
Wilson disease. Liver Res. 4, 5–14. doi:10.1016/j.livres.2020.02.002

Mohammadifard, N., Humphries, K. H., Gotay, C., Mena-Sánchez, G., Salas-Salvadó,
J., Esmaillzadeh, A., et al. (2019). Trace minerals intake: risks and benefits for
cardiovascular health. Crit. Rev. Food Sci. Nutr. 59, 1334–1346. doi:10.1080/
10408398.2017.1406332

Moriya, M., Ho, Y.-H., Grana, A., Nguyen, L., Alvarez, A., Jamil, R., et al. (2008).
Copper is taken up efficiently from albumin and α2-macroglobulin by cultured human
cells by more than one mechanism. Am. J. Physiology-Cell Physiology 295, C708–C721.
doi:10.1152/ajpcell.00029.2008

Nair, P. M., and Mason, H. S. (1967). Reconstitution of cytochrome C oxidase from a
copper-depleted enzyme and Cu. J. Biol. Chem. 242, 1406–1415. doi:10.1016/s0021-
9258(18)96106-5

Niu, Y., Zhang, Y., Zhu, Z., Zhang, X., Liu, X., Zhu, S., et al. (2020). Elevated
intracellular copper contributes a unique role to kidney fibrosis by lysyl oxidase
mediated matrix crosslinking. Cell Death Dis. 11, 211. doi:10.1038/s41419-020-2404-5

Nurchi, V. M., Crisponi, G., Crespo-Alonso, M., Lachowicz, J. I., Szewczuk, Z., and
Cooper, G. J. S. (2016). Complex formation equilibria of CuIIand ZnIIwith
triethylenetetramine and its mono- and di-acetyl metabolites. Dalton Trans. 42,
6161–6170. doi:10.1039/C2DT32252H

Nývltová, E., Dietz, J. V., Seravalli, J., Khalimonchuk, O., and Barrientos, A. (2000).
Coordination of metal center biogenesis in human cytochrome c oxidase. Nat.
Commun. 13, 3615. doi:10.1038/s41467-022-31413-1

O’Day, S. J., Eggermont, A. M. M., Chiarion-Sileni, V., Kefford, R., Grob, J. J., Mortier,
L., et al. (2013). Final results of phase III SYMMETRY study: randomized, double-blind
trial of elesclomol plus paclitaxel versus paclitaxel alone as treatment for chemotherapy-
naive patients with advanced melanoma. JCO 31, 1211–1218. doi:10.1200/JCO.2012.44.
5585

Oster, O. (1993). Trace element concentrations (Cu, Zn, Fe) in sera from patients with
dilated cardiomyopathy. Clin. Chim. Acta 214, 209–218. doi:10.1016/0009-8981(93)
90112-H

Pal, A., Jayamani, J., and Prasad, R. (2014). An urgent need to reassess the safe
levels of copper in the drinking water: lessons from studies on healthy animals
harboring no genetic deficits. NeuroToxicology 44, 58–60. doi:10.1016/j.neuro.2014.
05.005

Paolocci, N., Biondi, R., Bettini, M., Lee, C.-I., Berlowitz, C. O., Rossi, R., et al. (2001).
Oxygen radical-mediated reduction in basal and agonist-evoked NO release in isolated
rat heart. J. Mol. Cell. Cardiol. 33, 671–679. doi:10.1006/jmcc.2000.1334

Peña, K. A., and Kiselyov, K. (2015). Transition metals activate TFEB in
overexpressing cells. Biochem. J. 470, 65–76. doi:10.1042/BJ20140645

Pereira, T. C. B., Campos, M. M., and Bogo, M. R. (2016). Copper toxicology,
oxidative stress and inflammation using zebrafish as experimental model. J Appl.
Toxicol. 36, 876–885. doi:10.1002/jat.3303

Petris, M., andMercer, J. F. (1999). The menkes protein (ATP7A; MNK) cycles via the
plasmamembrane both in basal and elevated extracellular copper using a C-terminal di-
leucine endocytic signal. Hum. Mol. Genet. 8, 2107–2115. doi:10.1093/hmg/8.11.2107

Petris, M. J. (2004). The SLC31 (Ctr) copper transporter family. Pfl gers Archiv Eur.
J. Physiology 447, 752–755. doi:10.1007/s00424-003-1092-1

Petris, M. J., Strausak, D., and Mercer, J. F. (2000). The Menkes copper transporter is
required for the activation of tyrosinase. Hum. Mol. Genet. 9, 2845–2851. doi:10.1093/
hmg/9.19.2845

Pfleger, J., Gresham, K., and Koch,W. J. (2019). G protein-coupled receptor kinases as
therapeutic targets in the heart.Nat. Rev. Cardiol. 16, 612–622. doi:10.1038/s41569-019-
0220-3

Prohaska, J. R., Bailey, W. R., Gross, A. M., and Korte, J. J. (1990). Effect of dietary
copper deficiency on the distribution of dopamine and norepinephrine in mice and rats.
J. Nutr. Biochem. 1, 149–154. doi:10.1016/0955-2863(90)90015-D

Pufahl, R. A., Singer, C. P., Peariso, K. L., Lin, S.-J., Schmidt, P. J., Fahrni, C. J., et al.
(1997). Metal ion chaperone function of the soluble Cu(I) receptor Atx1. Science 278,
853–856. doi:10.1126/science.278.5339.853

Rae, T. D., Schmidt, P. J., Pufahl, R. A., Culotta, V. C., and V. O’Halloran, T. (2024).
Targeting cuproplasia and cuproptosis in cancer. Nat. Rev. Clin. Oncol. 21, 370–388.
doi:10.1126/science.284.5415.805

Ramos, D., Mar, D., Ishida, M., Vargas, R., Gaite, M., Montgomery, A., et al. (2016).
Mechanism of copper uptake from blood plasma ceruloplasmin by mammalian cells.
PLoS ONE 11, e0149516. doi:10.1371/journal.pone.0149516

Reddy, P. V. B., Rama Rao, K. V., and Norenberg, M. D. (2008a). The mitochondrial
permeability transition, and oxidative and nitrosative stress in the mechanism of copper
toxicity in cultured neurons and astrocytes. Lab. Investig. 88, 816–830. doi:10.1038/
labinvest.2008.49

Reddy, P. V. B., Rama Rao, K. V., and Norenberg, M. D. (2008b). The mitochondrial
permeability transition, and oxidative and nitrosative stress in the mechanism of copper
toxicity in cultured neurons and astrocytes. Lab. Investig. 88, 816–830. doi:10.1038/
labinvest.2008.49

Ren, F., Logeman, B. L., Zhang, X., Liu, Y., Thiele, D. J., and Yuan, P. (2001). X-ray
structures of the high-affinity copper transporter Ctr1. Nat. Commun. 10, 1386. doi:10.
1038/s41467-019-09376-7

Ren, X., Li, Y., Zhou, Y., Hu, W., Yang, C., Jing, Q., et al. (2021). Overcoming the
compensatory elevation of NRF2 renders hepatocellular carcinoma cells more
vulnerable to disulfiram/copper-induced ferroptosis. Redox Biol. 46, 102122. doi:10.
1016/j.redox.2021.102122

Rines, A. K., and Ardehali, H. (2013). Transition metals and mitochondrial
metabolism in the heart. J. Mol. Cell. Cardiol. 55, 50–57. doi:10.1016/j.yjmcc.2012.
05.014

Robinson, N. J., and Winge, D. R. (2010). Copper metallochaperones. Annu. Rev.
Biochem. 79, 537–562. doi:10.1146/annurev-biochem-030409-143539

Romuk, E., Jacheć, W., Zbrojkiewicz, E., Mroczek, A., Niedziela, J., Gąsior, M., et al.
(2004). Ceruloplasmin, NT-proBNP, and clinical data as risk factors of death or heart
transplantation in a 1-year follow-up of heart failure patients. JCM 9, 137. doi:10.3390/
jcm9010137

Rosenzweig, A., and O’Halloran, T. V. (2000). Structure and chemistry of the copper
chaperone proteins. Curr. Opin. Chem. Biol. 4, 140–147. doi:10.1016/S1367-5931(99)
00066-6

Rothstein, J. D., Dykes-Hoberg, M., Corson, L. B., Becker, M., Cleveland, D. W., Price,
D. L., et al. (2024). Targeting cuproplasia and cuproptosis in cancer. Nat. Rev. Clin.
Oncol. 21, 370–388. doi:10.1046/j.1471-4159.1999.0720422.x

Rowland, E. A., Snowden, C. K., and Cristea, I. M. (2018). Protein lipoylation: an
evolutionarily conserved metabolic regulator of health and disease. Curr. Opin. Chem.
Biol. 42, 76–85. doi:10.1016/j.cbpa.2017.11.003

Saari, J., and Dahlen, G. (1998). Nitric oxide and cyclic GMP are elevated in the hearts
of copper-deficient rats. Med. Sci. Res. Available at: https://www.semanticscholar.org/
paper/Nitric-oxide-and-cyclic-GMP-are-elevated-in-the-of-Saari-Dahlen/
f7b74e007ca505723566ee4531da182ea9460765 (Accessed August 11, 2024).

Frontiers in Pharmacology frontiersin.org16

Liu et al. 10.3389/fphar.2024.1527901

https://doi.org/10.1016/j.ecoenv.2020.110806
https://doi.org/10.1016/j.ecoenv.2020.110806
https://doi.org/10.3390/nu14030700
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1073/pnas.2311630121
https://doi.org/10.1242/jcs.240523
https://doi.org/10.1152/physrev.00004.2006
https://doi.org/10.1152/physrev.00004.2006
https://doi.org/10.1016/j.abb.2007.04.013
https://doi.org/10.1093/ajcn/63.5.812
https://doi.org/10.1093/ajcn/63.5.812
https://doi.org/10.1016/j.bbrc.2005.12.024
https://doi.org/10.1016/j.bbrc.2005.12.024
https://doi.org/10.1161/01.ATV.17.11.2975
https://doi.org/10.1016/j.ijcard.2006.05.022
https://doi.org/10.1016/j.ijcard.2006.05.022
https://doi.org/10.1161/CIRCRESAHA.124.324999
https://doi.org/10.1074/jbc.M112.442426
https://doi.org/10.1093/jn/109.11.1979
https://doi.org/10.1096/fj.202100273RR
https://doi.org/10.1096/fj.202100273RR
https://doi.org/10.1016/j.livres.2020.02.002
https://doi.org/10.1080/10408398.2017.1406332
https://doi.org/10.1080/10408398.2017.1406332
https://doi.org/10.1152/ajpcell.00029.2008
https://doi.org/10.1016/s0021-9258(18)96106-5
https://doi.org/10.1016/s0021-9258(18)96106-5
https://doi.org/10.1038/s41419-020-2404-5
https://doi.org/10.1039/C2DT32252H
https://doi.org/10.1038/s41467-022-31413-1
https://doi.org/10.1200/JCO.2012.44.5585
https://doi.org/10.1200/JCO.2012.44.5585
https://doi.org/10.1016/0009-8981(93)90112-H
https://doi.org/10.1016/0009-8981(93)90112-H
https://doi.org/10.1016/j.neuro.2014.05.005
https://doi.org/10.1016/j.neuro.2014.05.005
https://doi.org/10.1006/jmcc.2000.1334
https://doi.org/10.1042/BJ20140645
https://doi.org/10.1002/jat.3303
https://doi.org/10.1093/hmg/8.11.2107
https://doi.org/10.1007/s00424-003-1092-1
https://doi.org/10.1093/hmg/9.19.2845
https://doi.org/10.1093/hmg/9.19.2845
https://doi.org/10.1038/s41569-019-0220-3
https://doi.org/10.1038/s41569-019-0220-3
https://doi.org/10.1016/0955-2863(90)90015-D
https://doi.org/10.1126/science.278.5339.853
https://doi.org/10.1126/science.284.5415.805
https://doi.org/10.1371/journal.pone.0149516
https://doi.org/10.1038/labinvest.2008.49
https://doi.org/10.1038/labinvest.2008.49
https://doi.org/10.1038/labinvest.2008.49
https://doi.org/10.1038/labinvest.2008.49
https://doi.org/10.1038/s41467-019-09376-7
https://doi.org/10.1038/s41467-019-09376-7
https://doi.org/10.1016/j.redox.2021.102122
https://doi.org/10.1016/j.redox.2021.102122
https://doi.org/10.1016/j.yjmcc.2012.05.014
https://doi.org/10.1016/j.yjmcc.2012.05.014
https://doi.org/10.1146/annurev-biochem-030409-143539
https://doi.org/10.3390/jcm9010137
https://doi.org/10.3390/jcm9010137
https://doi.org/10.1016/S1367-5931(99)00066-6
https://doi.org/10.1016/S1367-5931(99)00066-6
https://doi.org/10.1046/j.1471-4159.1999.0720422.x
https://doi.org/10.1016/j.cbpa.2017.11.003
https://www.semanticscholar.org/paper/Nitric-oxide-and-cyclic-GMP-are-elevated-in-the-of-Saari-Dahlen/f7b74e007ca505723566ee4531da182ea9460765
https://www.semanticscholar.org/paper/Nitric-oxide-and-cyclic-GMP-are-elevated-in-the-of-Saari-Dahlen/f7b74e007ca505723566ee4531da182ea9460765
https://www.semanticscholar.org/paper/Nitric-oxide-and-cyclic-GMP-are-elevated-in-the-of-Saari-Dahlen/f7b74e007ca505723566ee4531da182ea9460765
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1527901


Saari, J. T. (2000). Copper deficiency and cardiovascular disease: role of peroxidation,
glycation, and nitration. Can. J. Physiol. Pharmacol. 78, 848–855. doi:10.1139/cjpp-78-
10-848

Saari, J. T., Wold, L. E., Duan, J., Ren, J., Carlson, H. L., Bode, A. M., et al. (2007).
Cardiac nitric oxide synthases are elevated in dietary copper deficiency. J. Nutr.
Biochem. 18, 443–448. doi:10.1016/j.jnutbio.2006.07.006

Sagripanti, J.-L., Goering, P. L., and Lamanna, A. (1991). Interaction of copper with
DNA and antagonism by other metals. Toxicol. Appl. Pharmacol. 110, 477–485. doi:10.
1016/0041-008X(91)90048-J

Sairam, T., Shanmugam, G., Narasimhan, M., Subramanian, M., Patel, A. N.,
Gopalan, R., et al. (2017). Abstract 374: evidence for hyper-reductive and hyper-
oxidative conditions in heart failure patients. Circulation Res. 121, A374. doi:10.1161/
res.121.suppl_1.374

Salehifar, E., Shokrzadeh, M., Ghaemian, A., Aliakbari, S., and Saeedi Saravi, S. S.
(2008). The study of Cu and Zn serum levels in idiopathic dilated cardiomyopathy
(IDCMP) patients and its comparison with healthy volunteers. Biol. Trace Elem. Res.
125, 97–108. doi:10.1007/s12011-008-8151-6

Scott, K. C., and Turnlund, J. R. (1994). A compartmental model of zinc metabolism
in adult men used to study effects of three levels of dietary copper. Am. J. Physiology-
Endocrinology Metabolism 267, E165–E173. doi:10.1152/ajpendo.1994.267.1.E165

Seidel, K. E., Failla, M. L., and Rosebrough, R. W. (1991). Cardiac catecholamine
metabolism in copper-deficient rats. J. Nutr. 121, 474–483. doi:10.1093/jn/121.4.474

Selvaraj, A., Balamurugan, K., Yepiskoposyan, H., Zhou, H., Egli, D., Georgiev, O.,
et al. (2005). Metal-responsive transcription factor (MTF-1) handles both extremes,
copper load and copper starvation, by activating different genes. Genes Dev. 19,
891–896. doi:10.1101/gad.1301805

Shanbhag, V., Jasmer-McDonald, K., Zhu, S., Martin, A. L., Gudekar, N., Khan, A.,
et al. (2019). ATP7A delivers copper to the lysyl oxidase family of enzymes and
promotes tumorigenesis and metastasis. Proc. Natl. Acad. Sci. U.S.A. 116, 6836–6841.
doi:10.1073/pnas.1817473116

Sheline, C. T., and Choi, D. W. (2004). Cu2+ toxicity inhibition of mitochondrial
dehydrogenases in vitro and in vivo. Ann. Neurology 55, 645–653. doi:10.1002/ana.
20047

Shires, S. E., and Gustafsson, Å. B. (2015). Mitophagy and heart failure. J. Mol. Med.
93, 253–262. doi:10.1007/s00109-015-1254-6

Shishido, N., Nakayama, K., Takazawa, A., Ohyama, T., and Nakamura, M. (2001).
Cu-metallothioneins (Cu(I)8-MTs) in LEC rat livers 13 Weeks after birth still act as
antioxidants. Archives Biochem. Biophysics 387, 216–222. doi:10.1006/abbi.2000.2233

Shokrzadeh, M., Ghaemian, A., Salehifar, E., Aliakbari, S., Saravi, S. S. S., and
Ebrahimi, P. (2009). Serum zinc and copper levels in ischemic cardiomyopathy.
Biol. Trace Elem. Res. 127, 116–123. doi:10.1007/s12011-008-8237-1

Singh, M. M., Singh, R., Khare, A., Gupta, M. C., Patney, N. L., Jain, V. K., et al. (1985).
Serum copper in myocardial infarction—diagnostic and prognostic significance.
Angiology 36, 504–510. doi:10.1177/000331978503600805

Skrajnowska, D., Bobrowska-Korczak, B., Tokarz, A., Bialek, S., Jezierska, E., and
Makowska, J. (2013). Copper and resveratrol attenuates serum catalase, glutathione
peroxidase, and element values in rats with DMBA-induced mammary carcinogenesis.
Biol. Trace Elem. Res. 156, 271–278. doi:10.1007/s12011-013-9854-x

Solier, S., Müller, S., Cañeque, T., Versini, A., Mansart, A., Sindikubwabo, F., et al.
(2023). A druggable copper-signalling pathway that drives inflammation. Nature 617,
386–394. doi:10.1038/s41586-023-06017-4

Solmonson, A., and DeBerardinis, R. J. (2018). Lipoic acid metabolism and
mitochondrial redox regulation. J. Biol. Chem. 293, 7522–7530. doi:10.1074/jbc.
TM117.000259

Stiburek, L., Vesela, K., Hansikova, H., Hulkova, H., and Zeman, J. (2024). Targeting
cuproplasia and cuproptosis in cancer. Nat. Rev. Clin. Oncol. 21, 370–388. doi:10.1152/
ajpcell.00564.2008

Su, R., Wang, R., Cao, H., Pan, J., Chen, L., Li, C., et al. (2011). High copper levels
promotes broiler hepatocyte mitochondrial permeability transition in vivo and in vitro.
Biol. Trace Elem. Res. 144, 636–646. doi:10.1007/s12011-011-9015-z

Su, T. A., Shihadih, D. S., Cao, W., Detomasi, T. C., Heffern, M. C., Jia, S., et al. (2018).
A modular ionophore platform for liver-directed copper supplementation in cells and
animals. J. Am. Chem. Soc. 140, 13764–13774. doi:10.1021/jacs.8b08014

Sugamura, K., and Keaney, J. F. (2011). Reactive oxygen species in cardiovascular
disease. Free Radic. Biol. Med. 51, 978–992. doi:10.1016/j.freeradbiomed.2011.05.004

Sullivan, J. F., Blotcky, A. J., Jetton, M. M., Hahn, H. K. J., and Burch, R. E. (1979).
Serum levels of selenium, calcium, copper magnesium, manganese and zinc in various
human diseases. J. Nutr. 109, 1432–1437. doi:10.1093/jn/109.8.1432

Suzuki, Y., Ali, M., Fischer, M., and Riemer, J. (2000). Human copper chaperone for
superoxide dismutase 1 mediates its own oxidation-dependent import into
mitochondria. Nat. Commun. 4, 2430. doi:10.1038/ncomms3430

Takahashi, Y., Kako, K., Kashiwabara, S., Takehara, A., Inada, Y., Arai, H., et al.
(2002). Mammalian copper chaperone Cox17p has an essential role in activation of
cytochrome c oxidase and embryonic development. Mol. Cell. Biol. 22, 7614–7621.
doi:10.1128/MCB.22.21.7614-7621.2002

Tanaka, K., Shimoda, M., Chuang, V. T. G., Nishida, K., Kawahara, M., Ishida, T.,
et al. (2018). Thioredoxin-albumin fusion protein prevents copper enhanced zinc-
induced neurotoxicity via its antioxidative activity. Int. J. Pharm. 535, 140–147. doi:10.
1016/j.ijpharm.2017.11.012

Telianidis, J., Hung, Y. H., Materia, S., and Fontaine, S. L. (2023). Role of the P-Type
ATPases, ATP7A and ATP7B in brain copper homeostasis. Front. Aging Neurosci. 5, 44.
doi:10.3389/fnagi.2013.00044

Tian, Z., Jiang, S., Zhou, J., and Zhang, W. (2023). Copper homeostasis and
cuproptosis in mitochondria. Life Sci. 334, 122223. doi:10.1016/j.lfs.2023.122223

Topuzoglu, G., Erbay, A. R., Karul, A. B., and Yensel, N. (2022). Concentations of
copper, zinc, and magnesium in sera from patients with idiopathic dilated
cardiomyopathy. BTER 95, 11–18. doi:10.1385/BTER:95:1:11

Trumbo, P., Yates, A. A., Schlicker, S., and Poos, M. (2001). Dietary reference intakes:
vitamin A, vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese,
molybdenum, nickel, silicon, vanadium, and zinc. J. Am. Dietetic Assoc. 101, 294–301.
doi:10.1016/S0002-8223(01)00078-5

Tsang, T., Posimo, J. M., Gudiel, A. A., Cicchini, M., Feldser, D. M., and Brady, D. C.
(2020). Copper is an essential regulator of the autophagic kinases ULK1/2 to drive lung
adenocarcinoma. Nat. Cell Biol. 22, 412–424. doi:10.1038/s41556-020-0481-4

Tsutsui, H., Kinugawa, S., and Matsushima, S. (2011). Oxidative stress and heart
failure.Am. J. Physiology-Heart Circulatory Physiology 301, H2181–H2190. doi:10.1152/
ajpheart.00554.2011

Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al.
(2022). Copper induces cell death by targeting lipoylated TCA cycle proteins. Science
375, 1254–1261. doi:10.1126/science.abf0529

Turnlund, J. (1998). Human whole-body copper metabolism. Am. J. Clin. Nutr. 67,
960S–964S. doi:10.1093/ajcn/67.5.960S

Turnlund, J. R., Keyes, W. R., Anderson, H. L., and Acord, L. L. (1989). Copper
absorption and retention in young men at three levels of dietary copper by use of the
stable isotope 65Cu. Am. J. Clin. Nutr. 49, 870–878. doi:10.1093/ajcn/49.5.870

Valko, M., Morris, H., and Cronin, M. (2005). Metals, toxicity and oxidative stress.
CMC 12, 1161–1208. doi:10.2174/0929867053764635

van den Berghe, P. V., and Klomp, L. W. (2009). New developments in the regulation
of intestinal copper absorption. Nutr. Rev. 67, 658–672. doi:10.1111/j.1753-4887.2009.
00250.x

Vanempel, V., Bertrand, A., Hofstra, L., Crijns, H., Doevendans, P., and Dewindt, L.
(2005). Myocyte apoptosis in heart failure. Cardiovasc. Res. 67, 21–29. doi:10.1016/j.
cardiores.2005.04.012

Vo, T. T. T., Peng, T.-Y., Nguyen, T. H., Bui, T. N.H.,Wang, C.-S., Lee,W.-J., et al. (2020).
The crosstalk between copper-induced oxidative stress and cuproptosis: a novel potential
anticancer paradigm. Cell Commun. Signal 22, 353. doi:10.1186/s12964-024-01726-3

Walshe, J. M. (1982). Treatment of wilson’s disease with trientine (triethylene
tetramine) dihydrochloride. Lancet 319, 643–647. doi:10.1016/S0140-6736(82)92201-2

Wan, F., Zhong, G., Ning, Z., Liao, J., Yu, W., Wang, C., et al. (2020). Long-term
exposure to copper induces autophagy and apoptosis through oxidative stress in rat
kidneys. Ecotoxicol. Environ. Saf. 190, 110158. doi:10.1016/j.ecoenv.2019.110158

Wang, D., Tian, Z., Zhang, P., Zhen, L., Meng, Q., Sun, B., et al. (2023a). The
molecular mechanisms of cuproptosis and its relevance to cardiovascular disease.
Biomed. and Pharmacother. 163, 114830. doi:10.1016/j.biopha.2023.114830

Wang, K., Ning, X., Qin, C., Wang, J., Yan, W., Zhou, X., et al. (2022). Respiratory
exposure to copper oxide particles causes multiple organ injuries via oxidative stress in a
rat model. IJN 17, 4481–4496. doi:10.2147/IJN.S378727

Wang, T., Xiang, P., Ha, J.-H., Wang, X., Doguer, C., Flores, S. R. L., et al. (2018).
Copper supplementation reverses dietary iron overload-induced pathologies in mice.
J. Nutr. Biochem. 59, 56–63. doi:10.1016/j.jnutbio.2018.05.006

Wang, Y., Hodgkinson, V., Zhu, S., Weisman, G. A., and Petris, M. J. (2011).
Advances in the understanding of mammalian copper transporters. Adv. Nutr. 2,
129–137. doi:10.3945/an.110.000273

Wang, Y.-M., Feng, L.-S., Xu, A., Ma, X.-H., Zhang, M.-T., and Zhang, J. (2024).
Copper ions: the invisible killer of cardiovascular disease (Review). Mol. Med. Rep. 30,
210–216. doi:10.3892/mmr.2024.13334

Wang, Z., Jin, D., Zhou, S., Dong, N., Ji, Y., An, P., et al. (2023b). Regulatory roles of
copper metabolism and cuproptosis in human cancers. Front. Oncol. 13, 1123420.
doi:10.3389/fonc.2023.1123420

Wei, H., Frei, B., Beckman, J. S., and Zhang, W.-J. (2011). Copper chelation by
tetrathiomolybdate inhibits lipopolysaccharide-induced inflammatory responses in
vivo. Am. J. Physiology-Heart Circulatory Physiology 301, H712–H720. doi:10.1152/
ajpheart.01299.2010

Wenzel, S., Müller, C., Piper, H. M., and Schlüter, K. (2005). p38 MAP-kinase in
cultured adult rat ventricular cardiomyocytes: expression and involvement in
hypertrophic signalling. Eur. J Heart Fail 7, 453–460. doi:10.1016/j.ejheart.2004.07.001

Witte, K. K. A., and Clark, A. L. (2002). Nutritional abnormalities contributing to
cachexia in chronic illness. Int. J. Cardiol. 85, 23–31. doi:10.1016/S0167-5273(02)
00231-0

Frontiers in Pharmacology frontiersin.org17

Liu et al. 10.3389/fphar.2024.1527901

https://doi.org/10.1139/cjpp-78-10-848
https://doi.org/10.1139/cjpp-78-10-848
https://doi.org/10.1016/j.jnutbio.2006.07.006
https://doi.org/10.1016/0041-008X(91)90048-J
https://doi.org/10.1016/0041-008X(91)90048-J
https://doi.org/10.1161/res.121.suppl_1.374
https://doi.org/10.1161/res.121.suppl_1.374
https://doi.org/10.1007/s12011-008-8151-6
https://doi.org/10.1152/ajpendo.1994.267.1.E165
https://doi.org/10.1093/jn/121.4.474
https://doi.org/10.1101/gad.1301805
https://doi.org/10.1073/pnas.1817473116
https://doi.org/10.1002/ana.20047
https://doi.org/10.1002/ana.20047
https://doi.org/10.1007/s00109-015-1254-6
https://doi.org/10.1006/abbi.2000.2233
https://doi.org/10.1007/s12011-008-8237-1
https://doi.org/10.1177/000331978503600805
https://doi.org/10.1007/s12011-013-9854-x
https://doi.org/10.1038/s41586-023-06017-4
https://doi.org/10.1074/jbc.TM117.000259
https://doi.org/10.1074/jbc.TM117.000259
https://doi.org/10.1152/ajpcell.00564.2008
https://doi.org/10.1152/ajpcell.00564.2008
https://doi.org/10.1007/s12011-011-9015-z
https://doi.org/10.1021/jacs.8b08014
https://doi.org/10.1016/j.freeradbiomed.2011.05.004
https://doi.org/10.1093/jn/109.8.1432
https://doi.org/10.1038/ncomms3430
https://doi.org/10.1128/MCB.22.21.7614-7621.2002
https://doi.org/10.1016/j.ijpharm.2017.11.012
https://doi.org/10.1016/j.ijpharm.2017.11.012
https://doi.org/10.3389/fnagi.2013.00044
https://doi.org/10.1016/j.lfs.2023.122223
https://doi.org/10.1385/BTER:95:1:11
https://doi.org/10.1016/S0002-8223(01)00078-5
https://doi.org/10.1038/s41556-020-0481-4
https://doi.org/10.1152/ajpheart.00554.2011
https://doi.org/10.1152/ajpheart.00554.2011
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1093/ajcn/67.5.960S
https://doi.org/10.1093/ajcn/49.5.870
https://doi.org/10.2174/0929867053764635
https://doi.org/10.1111/j.1753-4887.2009.00250.x
https://doi.org/10.1111/j.1753-4887.2009.00250.x
https://doi.org/10.1016/j.cardiores.2005.04.012
https://doi.org/10.1016/j.cardiores.2005.04.012
https://doi.org/10.1186/s12964-024-01726-3
https://doi.org/10.1016/S0140-6736(82)92201-2
https://doi.org/10.1016/j.ecoenv.2019.110158
https://doi.org/10.1016/j.biopha.2023.114830
https://doi.org/10.2147/IJN.S378727
https://doi.org/10.1016/j.jnutbio.2018.05.006
https://doi.org/10.3945/an.110.000273
https://doi.org/10.3892/mmr.2024.13334
https://doi.org/10.3389/fonc.2023.1123420
https://doi.org/10.1152/ajpheart.01299.2010
https://doi.org/10.1152/ajpheart.01299.2010
https://doi.org/10.1016/j.ejheart.2004.07.001
https://doi.org/10.1016/S0167-5273(02)00231-0
https://doi.org/10.1016/S0167-5273(02)00231-0
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1527901


Witte, K. K. A., Nikitin, N. P., Parker, A. C., von Haehling, S., Volk, H.-D., Anker, S.
D., et al. (2005). The effect of micronutrient supplementation on quality-of-life and left
ventricular function in elderly patients with chronic heart failure. Eur. Heart J. 26,
2238–2244. doi:10.1093/eurheartj/ehi442

Wollert, K. C., and Drexler, H. (2002). Regulation of cardiac remodeling by nitric
oxide: focus on cardiac myocyte hypertrophy and apoptosis.Heart Fail Rev. 7, 317–325.
doi:10.1023/A:1020706316429

Wollert, K. C., Drexler, H., Wollert, K. C., Drexler, H., Zhou, C., Yang, J., et al. (2002).
Disulfiram/copper induces antitumor activity against both nasopharyngeal cancer cells
and cancer-associated fibroblasts through ROS/MAPK and ferroptosis pathways.
Cancers 12, 138. doi:10.3390/cancers12010138

Wu, R., Wang, N., Comish, P. B., Tang, D., and Kang, R. (2021). Inflammasome-
dependent coagulation activation in sepsis. Front. Immunol. 12, 641750. doi:10.3389/
fimmu.2021.641750

Xue, Q., Kang, R., Klionsky, D. J., Tang, D., Liu, J., and Chen, X. (2023a). Copper
metabolism in cell death and autophagy. Autophagy 19, 2175–2195. doi:10.1080/
15548627.2023.2200554

Xue, Q., Yan, D., Chen, X., Li, X., Kang, R., Klionsky, D. J., et al. (2023b). Copper-
dependent autophagic degradation of GPX4 drives ferroptosis. Autophagy 19,
1982–1996. doi:10.1080/15548627.2023.2165323

Yamamoto, T., and Sano, M. (2022). Deranged myocardial fatty acid metabolism in
heart failure. IJMS 23, 996. doi:10.3390/ijms23020996

Yang, G.-M., Xu, L., Wang, R.-M., Tao, X., Zheng, Z.-W., Chang, S., et al. (2023).
Structures of the human Wilson disease copper transporter ATP7B. Cell Rep. 42,
112417. doi:10.1016/j.celrep.2023.112417

Yang, W. S., and Stockwell, B. R. (2016). Ferroptosis: death by lipid peroxidation.
Trends Cell Biol. 26, 165–176. doi:10.1016/j.tcb.2015.10.014

Yin, X., Zhou, S., Zheng, Y., Tan, Y., Kong,M.,Wang, B., et al. (2014).Metallothionein as
a compensatory component prevents intermittent hypoxia-induced cardiomyopathy in
mice. Toxicol. Appl. Pharmacol. 277, 58–66. doi:10.1016/j.taap.2014.03.007

Yuan, H.-J., Xue, Y.-T., and Liu, Y. (2022). Cuproptosis, the novel therapeutic
mechanism for heart failure: a narrative review. Cardiovasc Diagn Ther. 12,
681–692. doi:10.21037/cdt-22-214

Zannad, F. (2018). Rising incidence of heart failure demands action. Lancet 391,
518–519. doi:10.1016/S0140-6736(17)32873-8

Zazueta, C., Reyes-Vivas, H., Zafra, G., Sánchez, C. A., Vera, G., and Chávez, E.
(1998). Mitochondrial permeability transition as induced by cross-linking of the
adenine nucleotide translocase. Int. J. Biochem. and Cell Biol. 30, 517–527. doi:10.
1016/S1357-2725(97)00157-X

Zhang, L., Jiang, Y.-H., Fan, C., Zhang, Q., Jiang, Y.-H., Li, Y., et al. (2021).
MCC950 attenuates doxorubicin-induced myocardial injury in vivo and in vitro by
inhibiting NLRP3-mediated pyroptosis. Biomed. and Pharmacother. 143, 112133.
doi:10.1016/j.biopha.2021.112133

Zhang, L., Ward, M.-L., Phillips, A. R., Zhang, S., Kennedy, J., Barry, B., et al. (2007).
Photochemical properties of camptothecin in the presence of copper(II) ions: the role of
radicals as prospective species in photodynamic therapy. Mol. Biotechnol. 37, 48–51.
doi:10.1186/1475-2840-12-123

Zhang, S., Liu, H., Amarsingh, G. V., Cheung, C. C. H., Hogl, S., Narayanan, U., et al.
(2014). Diabetic cardiomyopathy is associated with defective myocellular copper
regulation and both defects are rectified by divalent copper chelation. Cardiovasc
Diabetol. 13, 100. doi:10.1186/1475-2840-13-100

Zhang, S., Liu, H., Amarsingh, G. V., Cheung, C. C. H., Wu, D., Narayanan, U., et al.
(2020). Restoration of myocellular copper-trafficking proteins and mitochondrial
copper enzymes repairs cardiac function in rats with diabetes-evoked heart failure.
Clin. Res. Cardiol. 12, 259–272. doi:10.1039/c9mt00223e

Zhou, B., and Tian, R. (2018). Mitochondrial dysfunction in pathophysiology of heart
failure. J. Clin. Invest 128, 3716–3726. doi:10.1172/JCI120849

Zhou, H., Liu, Z., Zhang, Z., Pandey, N. K., Amador, E., Nguyen, W., et al. (2023).
Copper-cysteamine nanoparticle-mediated microwave dynamic therapy improves
cancer treatment with induction of ferroptosis. Bioact. Mater. 24, 322–330. doi:10.
1016/j.bioactmat.2022.12.023

Zhu, H., Tannous, P., Johnstone, J. L., Kong, Y., Shelton, J. M., Richardson, J. A., et al.
(2007). Cardiac autophagy is a maladaptive response to hemodynamic stress. J. Clin.
Invest. 117, 1782–1793. doi:10.1172/JCI27523

Ziaeian, B., and Fonarow, G. C. (2016). Epidemiology and aetiology of heart failure.
Nat. Rev. Cardiol. 13, 368–378. doi:10.1038/nrcardio.2016.25

Frontiers in Pharmacology frontiersin.org18

Liu et al. 10.3389/fphar.2024.1527901

https://doi.org/10.1093/eurheartj/ehi442
https://doi.org/10.1023/A:1020706316429
https://doi.org/10.3390/cancers12010138
https://doi.org/10.3389/fimmu.2021.641750
https://doi.org/10.3389/fimmu.2021.641750
https://doi.org/10.1080/15548627.2023.2200554
https://doi.org/10.1080/15548627.2023.2200554
https://doi.org/10.1080/15548627.2023.2165323
https://doi.org/10.3390/ijms23020996
https://doi.org/10.1016/j.celrep.2023.112417
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1016/j.taap.2014.03.007
https://doi.org/10.21037/cdt-22-214
https://doi.org/10.1016/S0140-6736(17)32873-8
https://doi.org/10.1016/S1357-2725(97)00157-X
https://doi.org/10.1016/S1357-2725(97)00157-X
https://doi.org/10.1016/j.biopha.2021.112133
https://doi.org/10.1186/1475-2840-12-123
https://doi.org/10.1186/1475-2840-13-100
https://doi.org/10.1039/c9mt00223e
https://doi.org/10.1172/JCI120849
https://doi.org/10.1016/j.bioactmat.2022.12.023
https://doi.org/10.1016/j.bioactmat.2022.12.023
https://doi.org/10.1172/JCI27523
https://doi.org/10.1038/nrcardio.2016.25
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1527901

	Role of copper homeostasis and cuproptosis in heart failure pathogenesis: implications for therapeutic strategies
	1 Introduction
	2 Copper homeostasis biochemical and molecular insights
	2.1 Systemic copper metabolism
	2.1.1 Copper uptake
	2.1.2 Copper transport and storage
	2.1.3 Copper elimination

	2.2 Copper homeostasis is tightly regulated within cells
	2.2.1 Copper absorption
	2.2.2 Intracellular copper distribution and utilization
	2.2.3 Intracellular sequestration
	2.2.4 Copper export


	3 Evidence linking copper dyshomeostasis to HF
	4 Potential mechanisms of HF associated with copper dyshomeostasis
	4.1 Oxidative stress
	4.2 Inflammation
	4.3 Energy metabolism dysfunction
	4.4 Cell death
	4.4.1 Apoptosis
	4.4.2 Pyroptosis
	4.4.3 Autophagy
	4.4.4 Ferroptosis

	4.5 Dual effects of copper dyshomeostasis in the induction of HF

	5 Copper-mediated cell death and HF
	5.1 Copper-mediated cell death and cuproptosis
	5.2 Cuproptosis-associated mitochondrial dysfunction and HF

	6 Possible treatments for cuproptosis in HF
	6.1 Copper chelators
	6.2 Small-molecule inhibitors of copper chaperone proteins
	6.3 Copper ionophores

	7 Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


