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Abstract: In the field of human health research, the homeostasis of copper (Cu) is receiving increased
attention due to its connection to pathological conditions, including diabetes mellitus (DM). Recent
studies have demonstrated that proteins associated with Cu homeostasis, such as ATOX1, FDX1,
ATP7A, ATPB, SLC31A1, p53, and UPS, also contribute to DM. Cuproptosis, characterized by Cu
homeostasis dysregulation and Cu overload, has been found to cause the oligomerization of lipoylated
proteins in mitochondria, loss of iron—sulfur protein, depletion of glutathione, production of reactive
oxygen species, and cell death. Further research into how cuproptosis affects DM is essential to
uncover its mechanism of action and identify effective interventions. In this article, we review the
molecular mechanism of Cu homeostasis and the role of cuproptosis in the pathogenesis of DM.
The study of small-molecule drugs that affect these proteins offers the possibility of moving from
symptomatic treatment to treating the underlying causes of DM.

Keywords: cuproptosis; DM; lipoylated proteins; protein-ligand interactions

1. Introduction

Cell death can be categorized into regulated cell death (RCD) and accidental cell death
(ACD) [1,2]. RCD includes several forms, including apoptosis, autophagy, pyroptosis, and
ferroptosis. In 2022, Tsvetkov et al. published a study in the journal Science in which a novel
form of cell death caused by copper (Cu) ions was proposed; this was termed cuproptosis [3].
It has been demonstrated that the Cu ionophore elesclomol (ES) increases the intracellular
Cu levels and triggers cell death even when it is combined with inhibitors of all known
cell death mechanisms, including apoptosis (pan-caspase inhibitor benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone and Boc-Asp (OMe)-fluoromethyl ketone), ferroptosis
(ferrostatin-1), necroptosis (necrostatin-1), and oxidative stress (N-acetyl cysteine). This
suggests that Cu-induced cell death differs from other known modes of controlled cell
death. In addition, tetrathiomolybdate (TTM), a Cu chelator, has also proven effective
in rescuing cells from death [3]. A biological system contains two oxidation states of Cu:
cuprous (Cu*) and cupric (Cu?). Cu** isa relatively soluble form of Cu that is mostly
found in the body, while Cu™ is extremely insoluble and more toxic. Cu oxidoreductases
facilitate the conversion between the two forms [4]. Cu* can bind to lipoylated protein
in the tricarboxylic acid (TCA) cycle, promoting abnormal oligomerization of lipoylated
protein. In addition, Cu* can also reduce the level of iron-sulfur (Fe-S) clusters. In both
of these processes, a proteotoxic stress response is induced, which ultimately leads to cell
death [5,6]. Cu homeostasis is regulated by intricate pathways governing Cu transport and
metabolism, involving proteins such as antioxidant protein 1 (ATOX1) [7], ATPase copper
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transporting alpha (ATP7A), ATPase copper transporting beta (ATP7B) [8], cytochrome
C oxidase assembly homolog 17 (COX17) [9], and solute carrier family 31 member 1
(SLC31A1) [10]. Functional imbalances of these proteins are crucial in cuproptosis in
cells. Their mechanism of action has been extensively studied in the context of diabetes
mellitus (DM), and researchers have revealed the significant roles played by these proteins
in the progression and treatment of DM [11,12]. In this review, we examine the existing
literature on the molecular mechanisms of cuproptosis, and cuproptosis key proteins, in
DM and associated complications. By doing so, we aim to offer insights for future research
on cuproptosis in the context of DM, and contribute to the development of therapeutic
strategies for DM and its complications.

2. Cu Homeostasis and Cuproptosis Mechanism
2.1. Cu Metabolism

Human biological systems depend on Cu to maintain enzyme activity and transcrip-
tion factor function as well as to carry out a variety of biological processes, including elec-
tron transfer in biomolecules and free radical scavenging [13]. Physiologically, Cu* is ab-
sorbed primarily through the duodenum and small intestine, where most extracellular Cu?*
is reduced to Cu* by plasma membrane-localized reductases such as six-transmembrane
epithelial antigens of prostate (STEAP), and then transported into the cell by SLC31A1.
Additionally, it has been reported that Cu?* can also be imported through the divalent
metal transporter (DMT1) [14]. Upon uptake by a cell, it binds to enzymes or Cu-binding
proteins, allowing Cu?* or Cu* to be transported to other components of the cell. Addi-
tionally, Cu* may be sequestered by metallothionein (MT). First, Cu* in the cytoplasm
is bound to ATOX1. It is then transported to the nucleus where it binds to transcription
factors and is responsible for regulating gene expression. Additionally, ATOX1 transports
Cu" to ATP7A and ATP7B located in the trans-Golgi network (TGN). When the Cu™* level is
normal, ATP7A and ATP7B are located in the TGN and transport Cu* from the cytoplasm to
the cavity within the TGN. But when Cu* levels increase, Cu* is transported intracellularly
by ATPase, which fuses with the plasma membrane and releases Cu* [15]. Second, Cu™ has
been shown to be transported by cellular glutathione (GSH), which regulates Cu* uptake
by Cu chaperone for superoxide dismutase (CCS), ATOX1, and MT [16]. Third, in living
organisms, Cu* can also contribute to the synthesis of superoxide dismutase 1 (SOD1)
under the influence of CCS to maintain the stability of the antioxidant enzyme system [17].
Lastly, COX17 is a soluble protein located in both the mitochondrial intermembrane space
and the cytoplasm. Because COX17 is located in both places, it may serve as a Cu* shuttle to
the mitochondpria for both the synthesis of cytochrome c oxidase 1 (SCO1) and cytochrome
¢ oxidase assembly homolog 11 (COX11) [18]. The Cu transport system plays a key role
in maintaining Cu homeostasis and ensuring normal tissue function. The process of Cu
metabolism in the human body is shown in Figure 1.

2.2. Cuproptosis Mechanism

The primary process of cuproptosis relies on the accumulation of Cu within the
cell, and is associated with mitochondrial respiration. Researchers have found that Cu
homeostasis imbalance, lipoylated protein oligomerization, loss of Fe-S clusters, depletion
of GSH, generation of reactive oxygen species (ROS), and inhibition of the ubiquitin—
proteasome system (UPS) all contribute to cuproptosis, as shown in Figure 2 [3].

2.2.1. Cu Homeostasis Imbalance and Cuproptosis

Though the body requires sufficient amounts of Cu to sustain growth and develop-
ment, excessive intracellular Cu™ can bind to lipoylated proteins and aggregate, disrupting
mitochondrial metabolism. This type of interaction contributes to the promotion of cellular
cuproptosis. Cellular cuproptosis can occur in a variety of diseases, including cancer, neu-
rodegenerative diseases, and cardiovascular diseases [19]. Researchers using ES have found
that loss of function or reduced function in the ATP7B protein induces Cu accumulation in
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cells, leading to cuproptosis [3,20]. Understanding this process could pave the way for the
development of novel pharmaceuticals or treatment approaches.
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Figure 1. Cu metabolism. Cu?* is reduced to Cu* via STEAP and then crosses the plasma membrane
via SLC31A1. Alternatively, Cu?* may cross the plasma membrane directly via DMT1. Cu* is then
transported by the chaperone protein ATOX1 into the TGN and the nucleus. GSH can also act as a Cu
chaperone protein, binding Cu* and delivering it to MT, ATOX1, CCS, and SOD1. The chaperone
protein CCS can also deliver Cu* to SOD1. COX17 delivers Cu* to the mitochondria, which is required
for COX11. Together, these processes complete the equilibrium of Cu metabolism. Abbreviations:
ATOX1—antioxidant protein 1; ATP7A—ATPase copper transporting alpha; ATP7B—ATPase copper
transporting beta; CCS—Cu chaperone for superoxide dismutase; COX17—cytochrome C oxidase
assembly homolog 17; COX11—cytochrome c oxidase assembly homolog 11; SCO1—synthesis of
cytochrome c oxidase 1; SOD1—superoxide dismutase 1, STEAP—six-transmembrane epithelial
antigen of the prostate; SLC31Al—solute carrier family 31 member 1; TGN—trans-Golgi network;
MT—metallothionein; DMT1—divalent metal transporter. Created with BioRender.com, accessed on
3 June 2024.
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Figure 2. Cuproptosis mechanism. Excessive Cu* entering the cell through SLC31A1 leads to the
oligomerization of lipoylated proteins such as DLAT and the loss of Fe-S cluster proteins. The TCA
cycle is blocked, leading to proteotoxic stress-induced cell death. In addition, excess Cu?* promotes
GSH oxidation, reduces GSH content, increases free Cu* levels and affects ATP7A /B function. At
the same time, the increase in intracellular ROS content and inhibition of UPS function result in
cuproptosis. Abbreviations: DLAT—dihydrolipoamide S-acetyltransferase; FDX1—ferredoxin 1;
Fe-S—iron-sulfur; LIAS—lipoic acid synthetase; STEAP—six-transmembrane epithelial antigens
of prostate; GSH—glutathione; GSSG—glutathione disulfide; UPS—ubiquitin-proteasome system;
GRX1—Glutaredoxin 1. Created with BioRender.com, accessed on 10 June 2024.

2.2.2. Protein Lipoylation and Cuproptosis

In order to understand the metabolic pathways underlying cuproptosis, the authors
of [3] used genome-wide CRISPR-Cas9 loss-of-function technology to screen for loss of
function; they identified seven genes associated with Cu-induced cell death including ferre-
doxin 1 (FDX1), lipoic acid synthetase (LIAS), lipoyltransferase 1 (LIPT1), dihydrolipoamide
dehydrogenase (DLD), pyruvate dehydrogenase E1 subunit «1 (PDHA1), pyruvate dehy-
drogenase E1 subunit 3(PDHB), and DLAT. FDX1 is a reductase that reduces Cu?* to Cu™,
and LIAS is an enzyme involved in the catalytic process of fatty acid synthesis; therefore,
FDX1/LIAS controls the lipoylation of proteins upstream. In the TCA cycle, the lipoy-
lation protein dihydrolipoamide S-acetyltransferase (DLAT), a subunit of the pyruvate
dehydrogenase complex, is extensively involved in the efficient functioning of the TCA
cycle through its pivotal contribution to the conversion of pyruvate to acetyl CoA. Cu*
can bind directly to DLAT and promote its oligomerization, thus altering its structure and
stability and making it more prone to aggregation, ultimately hindering the activity of
TCA [21]. Knockout of FDX1 or LIAS genes intensifies the accumulation of critical TCA
cycle intermediates, reducing protein lipoylation and limiting Cu-induced cell death [3].
The Fe-S clusters play important roles in many biological processes, including enzyme
catalysis, electron transfer, and the detection of metabolic stress. Cu* has been shown
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to reduce levels of Fe-S cluster proteins, ultimately leading to protein toxicity and cell
death [3]. These findings provide novel insights for us to understand the role of protein
lipoylation in cells and the mechanism of cuproptosis. They may also offer innovative
targets for developing new drugs or therapeutic strategies.

2.2.3. GSH Depletion and Cuproptosis

Glutaredoxin 1 (GRX1), a 12-kDa protein localized in the cytoplasm and interstitial
spaces of mitochondria, exhibits GSH-binding sites and GSH-dependent activity. The
interaction of GRX1 with a cysteine-based copper-binding motif in the N-terminal region
of ATP7A /7B suggests that glutathionylation of Cu-ATPase may play a regulatory or
protective-modification role [22,23]. Glutathionylation and GRX1-mediated deglutathiony-
lation regulate the redox state of the Cu-ATPase cysteine and its binding to Cu*. Because
GRX 1 requires GSH activity, transport of Cu-regulated ATP7A and ATP7B is impaired
when GSH is depleted [24]. Previous research has indicated that GSH may be responsible
for facilitating the intracellular movement of Cu* in living organisms. It accomplishes
this effect by transferring Cu* to appropriate Cu-chaperone proteins such as ATOX1 and
CCS, enabling these proteins to carry out their respective functions [16]. Notably, a reduc-
tion in intracellular GSH levels has been shown to correspond to an augmentation in the
oligomerization of the lipoylated protein DLAT, rendering tumor cells more susceptible
to cuproptosis [25]. N-acetylcysteine (NAC) is a precursor of L-cysteine that results in
glutathione biosynthesis. In a recent study, it was found that NAC not only rescued cells
from cuproptosis by increasing GSH levels, but also independently diminished intracellular
Cu?* uptake triggered by ion carriers [26]. Overall, the role of GSH in cuproptosis is crucial;
we may say, therefore, that maintaining intracellular GSH levels and activity is a viable
means of preventing cuproptosis.

2.2.4. ROS and Cuproptosis

Cells in the body maintain a dynamic balance between oxidation and antioxidant ac-
tivity. When this balance is disrupted, oxidative stress can occur, resulting in the production
of large amounts of ROS which leads to related cell damage [27]. The Cu™ is transformed to
Cu?* through a Fenton-like reaction (as shown in Reaction A) in which it reacts with HO,
to obtain hydroxyl radical (OH™), which causes lipid peroxidation, protein oxidation, and
DNA damage, ultimately contributing to oxidative damage to almost all cell components.
In addition, Cu?* can react with GSH and transform into highly toxic Cu* and glutathione
disulfide (GSSG) (as shown in Reaction B), causing exhausting GSH to clear endogenous
ROS and generate Cu* through additional Fenton-like reaction to produce ROS, thus lead-
ing to cell death [28]. It has been demonstrated that CuCop,O4 nanoflowers generated high
levels of ROS and reduced the overexpression of GSH in the wound microenvironment,
ultimately contributing to bacterial cuproptosis-like death [29]. Meanwhile, ROS increase
susceptibility to cuproptosis. For example, studies have found that after encapsulating
ES—Cu compounds in ROS-responsive polymers, the compounds are more likely to enter
cancer cells, and Cu is readily released, which can trigger cuproptosis and active immune
responses [30,31]. In light of these findings, it appears that ROS is involved in cuproptosis,
and regulating ROS levels might provide a new avenue to influence cuproptosis occurrence
in the future.

Reaction A: Cut + H,O, — Cu?** + OH™ + OH

Reaction B: Cu®* + GSH— Cu* +GSSG

2.2.5. UPS and Cuproptosis

UPS serves as the primary protein quality control system responsible for recognizing
and degrading damaged proteins. The UPS consists of several components, including a
series of enzymes (E1, E2, E3, and deubiquitinase) and the 26S proteasome (195 regulatory
granule and 20S core granule) [32]. There is evidence that Cu** may be able to bind to
the 20S proteasome through non-covalent interactions, thus inhibiting the activity of the
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proteasome [33]. Additionally, Cu* enhances the ubiquitination of a variety of proteins by
affecting the orthosteric activation of the E2-coupled enzyme family UBE2D1-UBE2D4,
leading to the accumulation of ubiquitinated proteins [34]. Chen et al. reported that the
Hinokitiol Cu complex (HK-Cu) induced striking accumulation of ubiquitinated proteins
on A549 and K562 cancer cells, and caused cell death by inhibiting the activity of the 195
proteasomal deubiquitinase (DUB) [35]. Furthermore, the authors of [36] reported that
Cu ionophores such as disulfiram/Cu induced ferroptosis and cuproptosis in hepatocel-
lular carcinoma cells, accompanied by a reduction in GSH, an increase in lipid peroxides
and a compensatory increase in the solute carrier family 7 member 11, by inhibiting the
degradation mediated by the ubiquitin—proteasome. We may say, then, that Cu stabilizes
ubiquitinated proteins by interfering with the UPS upstream, thus causing the accumulation
of ubiquitinated proteins and implicating the UPS in the cuproptosis process.

3. Cuproptosis in DM

DM is a complex chronic metabolic disease characterized by elevated blood glucose
levels caused by abnormal insulin secretion or function [37]. According to the International
Diabetes Federation (IDF), the number of people with DM worldwide reached 529 million
in 2021, and this is expected to rise to 1.31 billion by 2050 [38]. Chronic hyperglycemia
deteriorates the vascular system, resulting in microvascular diseases such as neuropathy,
retinopathy, and nephropathy, as well as macrovascular diseases such as cardiomyopa-
thy [39]. Currently, a comprehensive summary and overview of the signaling pathway of
cuproptosis in DM has still not been completed. However, substantial progress has been
made in understanding the roles of proteins associated with cuproptosis in DM and its
complications; these proteins include ATOX1, FDX1, ATP7A, ATP7B, SLC31A1, p53, and
UPS. In addition, researchers have recently found that ATOX1 expression is higher in the
liver than in other organs of the body, leading to the conclusion that the liver is the organ
primarily responsible for Cu?* metabolism [40,41]. Researchers have also found that there
is a high level of expression of the ATP7A protein in the duodenum, suggesting that it may
play a role in maintaining the functional homeostasis of this organ under physiological
conditions [42]. Additionally, SLC31A1 has been found to be highly expressed in kidneys,
testes, eyes, and other tissues, where it is involved in the regulation of Cu homeostasis [43].
In view of the participation and treatment of these regulatory molecules related to cupropto-
sis in DM, the initiation and regulation mechanism of cuproptosis offers a new perspective
for the treatment of DM in the future. It is evident from Figure 3 that the proteins identified
above, which are associated with cuproptosis, are also related to DM and its complications.

3.1. The Role of Key Proteins of Cuproptosis in DM
3.1.1. ATOX1

ATOX1 is a soluble chaperone protein that is essential for maintaining Cu homeostasis.
As Cu™ enters the cell through the cell membrane surface protein SLC31A1, ATOX1 trans-
ports the cytoplasmic Cu* to ATP7A or ATP7B in the TGN secretion pathway to prevent
Cu overload [44-46]. Using machine learning to screen cuproptosis gene sets and differen-
tially expressed genes, the authors of [47] identified the cuproptosis-related hub genes of
active ulcerative colitis as ATOXI1, sulfatase modifying factor 1 (SUMF1), metallothionein 1
G(MT1G), ATP7B, FDX1, and LIAS, thus demonstrating the relationship between ATOX1
and cuproptosis. The effect of Cu?* on the proliferation of pancreatic ductal cells in sheep
was also found to promote cell proliferation at appropriate Cu concentrations in another
study [48]; however, excess or insufficient Cu?* was found to impair growth, and it was
further reported that Cu’s pro-proliferative effect was associated with the activation of
the Cu chaperonin 1 ATOX1-dependent MEK/ERK signaling pathway. Another study
conducted on streptozotocin (STZ)-induced diabetic mice indicated that Tat-ATOX1 protein
reduced blood glucose levels and hemoglobin Alc levels, and also caused changes in
body weight. In the same study, it was also shown that Tat-ATOX1 protected pancreatic
insulinoma cells such as RINm5F from STZ exposure by inhibiting ROS production, DNA



Molecules 2024, 29, 2852

7 of 17

Pancreatic 3-cell death

damage, and activating Akt and mitogen-activated protein kinases [49]. Additionally,
using immunofluorescence staining, the authors of [11] revealed that the STZ-induced
decreased expression of ATOX1 in the left ventricle of diabetic rats was a contributing
factor in diabetic cardiomyopathy. These studies indicate that ATOX1 may be involved
in the pathogenesis of DM due to its function in regulating Cu* concentration through its
binding and transport properties. We may say, therefore, that research on ATOX1 offers
new treatment options for DM.

@
Diabetic cardiomyopathy “
Endothelial dysfunction
@
c‘.

Endothelial dysfunction

SLC31A1

Diabetic kidney disease

p53
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Diabetic cardiomyopathy

UPS ATPTA/B

Diabetic cardiomyopathy
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Figure 3. The role of cuproptosis-related proteins in DM and its complications. ATOX1 plays a role in
diabetic cardiomyopathy and pancreatic beta-cell death. ATP7A /B is known to be associated with
diabetic cardiomyopathy and endothelial dysfunction. SLC31A1 has been implicated in diabetic
cardiomyopathy as well as endothelial dysfunction. Pancreatic beta-cell death is also influenced
by UPS. Several diabetic complications, including diabetic nephropathy, diabetic cardiomyopathy,
pancreatic beta cell death, and endothelial dysfunction have been linked to P53. Abbreviations:
ATOX1—antioxidant protein 1; ATP7A—ATPase copper transporting alpha; ATP7B—ATPase copper
transporting beta; SLC31Al—solute carrier family 31 member 1; UPS—ubiquitin-proteasome system.
Created with BioRender.com, accessed on 3 June 2024.
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3.1.2. FDX1

FDX1 is a protein involved in cuproptosis localized to the mitochondrial membrane [50].
Recent studies have identified FDX1 as a regulator of protein lipoylation involved in cellular
cuproptosis [51,52]. Additionally, studies have identified FDX1 as a direct target of ES which
enhances a distinct form of Cu-dependent cell death [53]. FDX1 first reduces Cu?* to Cu*;
then, Cu™ facilitates the oligomerization of DLAT and expedites the insoluble DLAT and
cellular proteotoxic stress. The knockout of FDX1 can indeed reduce the sensitivity of cells
to cuproptosis in certain aspects [3]. In addition, FDX1 contributes to Cu* transformation
and decreases the Fe-S cluster proteins related to mitochondrial respiration which drive
the proteotoxic stress [3]. Fe-S cluster synthesis is dependent on linear mitochondrial
FDX1, which stimulates cysteine desulfurase activity and acts as a reducing agent for Fe-S
cluster assembly [54]. Proinsulin translation in pancreatic (3-cells requires the activity of
the Fe-S cluster enzyme CDKS5 regulatory subunit associated protein 1 like 1 (CDKAL1).
Dysfunctional CDKALL1 can augment misreading of the lysine codon in proinsulin and
impair proinsulin processing. Consequently, this process reduces insulin concentration and
secretion, and this may facilitate the occurrence and development of DM [55]. Protein FDX1
can participate in the Fe-S cluster assembly process and form a unique cluster, and this small
cluster is closely linked to the NOS-containing T2DM network cluster [56]. In a recent study,
the expression of cuproptosis genes was analyzed in a healthy population and in diabetic
samples. Using the String online database, Cytoscape v3.9.1 (https:/ /cytoscape.org/), and
Wilcox analyze, it was found that the cuproptosis gene FDX1 is associated with diabetic
immune invasion [57]. Consequently, it is important to study how the structure of FDX1
binds Cu?* and inhibits the formation of Fe-S clusters, in order to target FDX1 and prevent
cuproptosis in DM.

3.1.3. ATP7A and ATP7B

As pivotal proteins in Cu* transport, ATP7A and ATP7B collaborate to maintain Cu*
concentration balance. Disruptions in Cu homeostasis negatively affect various bodily
functions, as exemplified by Menkes” and Wilson’s diseases, both of which arise from
ATP7A /ATP7B gene mutations. Mutations in the ATP7A gene cause functional abnormali-
ties, leading to Cu* accumulation in the pancreas, 3-cell apoptosis, and DM progression [20].
Studies have found that rats with DM induced by STZ exhibit lower ATP7B levels than
normal rats, with no significant change in ATP7A expression. Due to reduced expression
and altered localization of ATP7B in the diabetic myocardium, Cu™ efflux from the cells is
impaired, which may allow for a local imbalance of Cu [11]. A comparative gene-expression
analysis of healthy and diabetic individuals revealed significant downregulation of cuprop-
tosis protein ATP7B, DLAT, glycine cleavage system protein H (GCSH), LIPT1, and DLD in
diabetic patients, along with significant increases in the dihydrolipoamide branched chain
transacylase E2 (DBT) gene [57]. In mice with type 1 diabetes mellitus (T1DM), a decreased
level of ATP7A protein can result in impaired SOD3 activity and vascular oxidative stress
and endothelial dysfunction [58]. In addition, a study by Sudhahar V. et al. found that
ATP7A expression was significantly downregulated in T2DM patients’ vessels as well as in
high-fat diet-induced or db/db T2DM mice’s vessels. Through the activation of Akt2 in
VSMCs, insulin prevented the degradation and ubiquitination of ATP7A and its transloca-
tion to the plasma membrane, which protects against the endothelial dysfunction associated
with type 2 diabetes mellitus (T2DM) [12]. The authors of [59] found that, in T2DM patients
and in mice, ATP7A expression was significantly reduced in exosomes, impairing wound
healing and angiogenesis, but exercise training restored the angiogenic effects by increas-
ing ATP7A levels. Furthermore, another study reported that, in liver cancer cells, levels
of ATP7A and ATP7B mRNA were significantly elevated when stimulated by free fatty
acids to establish an insulin resistance model, and that levels of ATP7A were significantly
increased when stimulated by free fatty acids for 24 h, while levels of ATP7B were slightly
decreased, and Cu content in the cell was reduced [60]. Further research is required to
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determine whether ATP7A /B regulates intracellular Cu homeostasis or cuproptosis in DM
and whether it contributes to this disease.

3.1.4. SLC31A1

SLC31Al is mainly localized in the plasma membrane. SLC31A1 is widely expressed
and has been shown to be a key high-affinity protein for Cu* [61]. Researchers have reported
significantly elevated Cu?* levels in both the serum and myocardial tissue of diabetic mice
compared to controls. Furthermore, excessive Cu?* in DM upregulated SLC31A1 expression
through ATF3/SPI1, thereby mediating Cu* accumulation in cardiomyocytes [62]. In the
vascular tissues of diabetic db/db mice and endothelial cells exposed to high glucose,
elevated levels of absent, small or homeotic 2-like protein (ASH2L) have been shown to
activate transcription of the reductase STEAP, which enhances the transport of Cu* into the
endothelial cells by SLC31A1, thus causing oxidative stress and inflammation and leading
to endothelial dysfunction [63]. It is evident that the regulation of SLC31A1, which controls
Cu" in diabetic patients, offers novel insights and therapeutic strategies for DM treatment.

3.2. The Role of Potential Proteins of Cuproptosis in DM
3.2.1. p53

The p53 gene is a human oncogene involved in the regulation of apoptosis, aging,
DNA repair and glucose metabolism. In recent years, p53 has been shown to have an essen-
tial effect on cuproptosis regulation [64]. Researchers have recorded significantly increased
ATOX1 levels in p53-inactivated cells, suggesting that p53 is a negative regulator of ATOX1,
and that regulation of p53 expression is crucial for intracellular Cu* transport [65,66]. In
addition to blunting glycolysis and promoting metabolism in the TCA cycle [67], p53 may
also have notable effects on other pathways involved in cuproptosis, including increasing
the instability of Fe-S clusters and reducing the production of GSH. The authors of [68]
reported that, in diabetic mice, excess-protein O-GlcNAcylation increased p53 expression
and led to coronary microvascular disease, while inhibition of p53 restores capillary density
and endothelial cell apoptosis, and decreases cardiac damage, after ischaemia/reperfusion.
In another study, STZ-treated diabetic mice and diabetic patients showed marked upreg-
ulation and activation of p53, and blocking p53 led to attenuated miR-214 induction in
diabetic kidney disease [69]. Using a TIDM mouse model, the authors of [70] found that
the p53 inhibitor pifithrin-o prevented the progression of DM-induced cardiac remodeling
and dysfunction. The early growth response 1 gene (Egrl) is stimulated by hyperglycemia,
and Egrl promotes p53 transcription which is necessary for apoptosis, migration, and
angiogenesis in retinal endothelial cells [71]. Because p53 regulates Cu homeostasis and
TCA cycling, as well as its influence on DM and its complications, therefore, we hypothesize
that p53 might be associated with cuproptosis in DM.

3.2.2. UPS

The UPS is responsible for cellular value addition, differentiation, signal transduction
and selective protein hydrolysis processing. UbcD1 is one of 40 E2 ubiquitin-conjugated
enzymes that interact with many E3s [72-74] and is a Cu protein whose immediate mam-
malian homolog, UBE2D2, loses some activity when its Cu-binding region is mutated. This
implies that UbcD1 activity may be affected by Cu* levels under normal conditions [75].
The authors of [76] examined the role of UbcD1 and found that overexpression of UbcD1
did not produce any recognizable defects, whereas inhibition of UbcD1 led to a decrease
in SLC31A1 expression, suggesting that UbcD1 promotes the stability of SLC31A1 rather
than promoting proteasomal degradation [76]. We may say, then, that UPS plays a signifi-
cant role in Cu homeostasis in vivo. Nevertheless, excessive accumulation of Cu can also
enhance proteasome damage. In this regard, it is noteworthy that Cu?* can damage the
gate system of the 20S proteasome, which is an essential target for protein catalysis. This
damage instigates the proteasome suppression and 26S proteasome degradation mediated
by ROS [77]. In addition, some experimental studies have highlighted that UPS is related to
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insulin production, and restriction of UPS was shown to diminish insulin production by the
authors of [78]. Researchers have also shown that small ubiquitin-like modifier (SUMOyla-
tion) is a post-translational modification of proteins. Its associated ubiquitin-proteasome
system has been shown to mediate protein quality control in the heart, and to play an im-
portant role in the proteotoxic environment of the heart. Specifically, ubiquitin-conjugating
enzyme E2 (Ubc9) is the only SUMO-E2 enzyme whose expression positively regulates
autophagy in cardiomyocytes with potential cardioprotective effects [79]. Accumulation of
ubiquitinated proteins has also been recorded in cultured pancreatic islets and {3-cells, and
inhibition of proteasome activity has been observed in the pancreas of Zucker diabetic rats,
but whether this was the cause or consequence of (3-cell damage remains unclear [80]. The
authors of [81] used microarray analysis to explore the pancreatic islet transcriptome of
patients with T2DM, and found that more than 1000 genes were differentially expressed in
the pancreatic islet transcriptome of diabetic patients, compared with non-diabetic patients,
and that these genes were associated with the UPS. Reduced proteomic activity was also
recorded in the pancreatic islets of diabetic patients, and this was associated with defects in
pancreatic 3-cell function [81]. In addition, proteasome dysfunction has been associated
with obesity in humans, and has also been recorded studies on islet misfolded proteins in
diabetic rats [82]. In light of the above, we hypothesize that UPS may affect DM through
the cuproptosis pathway.

4. Cuproptosis Drugs
Advances in Research into Small-Molecule Drugs Targeting Cuproptosis

Pharmaceutical substances that impact the cuproptosis protein such as methotrexate,
olsalazine, mitotane, nicotinamide adenine dinucleotide (NADH), radicicol, dihydrolipoic
acid (DHLA), and dexmedetomidine (DEX). Chen Y. et al. conducted molecular docking ex-
periments on methotrexate and olsalazine with the FDX1 protein and found that methotrex-
ate binds with FDX1 through Arg 74, Thr 114, His 116, Tyr 142, Glu 169, and Val 171,
resulting in a binding energy of —9.8 kcal/mol, while olsalazine binds with FDX1 through
Leu 140, Tyr 142, Val 171, Arg 74, and Thr 114 with a binding energy of —9.1 kcal/mol [83].
Hongfang Li et al. carried out analysis using AutoDock and found that mitotane binds to
multiple amino acid sites of FDX1 (including Leu460/209, Phe458, Val35/353, and Ile84)
with a binding affinity of —8.1 kcal/mol, while NADH, radicicol, and DHLA bind to the
amino acid sites of DLAT (including Phe48/35/32, His168, Met47, Asn39, and GIn31) with
binding affinities of —8.1 kcal/mol, —6.4 kcal/mol, and —5.3 kcal/mol, respectively [84].
Researchers have also found that DEX is effective in treating brain ischemia/reperfusion
injury by decreasing the levels of SLC31A1, FDX1 and LIAS and the aggregation of DLAT,
while increasing the production of ATP7B. Guo Q. et al. used molecular docking analysis
to find that DEX can tightly integrate with SLC31A1 and FDX1. Furthermore, when FDX1
is overexpressed, these effects of DEX are attenuated. It may be suggested, then, that FDX1
is associated with the regulatory pathway of DEX [85]. Yang X. et al. used the Enrichr
database to analyze small molecules and drugs targeting the key cuproptosis protein in
temporal lobe epilepsy (TLE), and found that chlorzoxazone and piperlongumine were the
most likely to target cuproptosis genes and thus inhibit cuproptosis [86]. In addition, Jinke
Huang. et al. used Enrich to reveal that latamoxef, vitinoin, clomipramine, chlorzoxazone,
glibenclamide, pyruvic acid, clindamycin, medrysone, and flavin adenine dinucleotide all
might affect genes associated with cuproptosis in ulcerative colitis [87]. The interactions
between drugs and proteins are summarized in Table 1.
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Targeting Binding Lo . Combined Mechanism of
Drug Name Drug Structure Protein Affinity Binding Sites Score Action Refs.
HQNYN\ N
| \
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OH
Cl Cl
Cl
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Thr 114 acid sites of FDX1.
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O neuron cuproptosis
in TLE.
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Table 1. Cont.
Targeting Binding Lo . Combined Mechanism of
Drug Name Drug Structure Protein Affinity Binding Sites Score Action Refs.
I~
o, PHNTN
Ty ™
N
‘\" [¢] \=N
O\\ﬁ’(g, Na*
0:..0 .
o N Potential
Flavin adenine o)
dinucleotide DLD / / 1549.437 cuproptosis-related ~ [87]
HO. ~Non gene-targeting
drugs

OH

N /NYO

I IN%(NH
o)

Abbreviations: FDX1—ferredoxin 1; DLAT—dihydrolipoamide S-acetyltransferase; SLC31Al—solute carrier
family 31 member 1; LIPT1—lipoyltransferase 1, DLD—dihydrolipoamide dehydrogenase; PDHB—pyruvate de-
hydrogenase E1 subunit 3; PDHA1—pyruvate dehydrogenase E1 subunit «1; DBT—dihydrolipoamide branched
chain transacylase E2; LIAS—lipoic acid synthetase.

Through advances in science and technology, researchers have acquired a range of
techniques to uncover the process of cuproptosis and identify potential pharmacological
targets. Among these techniques, database screening and molecular docking analysis
are particularly significant in current drug research. Presently, most drug studies on
cuproptosis are in the fields of cancer and mental diseases. Drug studies on DM are still
lacking. Based on ideas used in research into other diseases, we can quickly screen DM
therapeutic drugs with an anti-cuproptosis process and design experiments to verify their
effects by recommending drugs or consulting databases. In addition to these methods, we
can also use high-throughput screening and structural biology to make breakthroughs in
the treatment of DM-induced cuproptosis.

5. Conclusions and Perspectives

In this review, we have comprehensively examined the mechanisms underlying
cuproptosis, as well as the signaling pathways and proteins associated with it, in DM.
As mentioned earlier, cuproptosis is primarily a result of the interaction between Cu and
proteins during the TCA cycle. Several key proteins implicated in cuproptosis, such as
ATOX1, FDX1, ATP7A/B, SLC31A1, p53, and UPS, exhibit strong associations with DM.
ATOX1, which facilitates Cu transport within cells, has potential as a therapeutic target for
treating DM. A mutation in ATP7A /B affects the excretion of Cu* from the cell, resulting in
an increased rate of pancreatic cell death in DM, whereas mutations in FDX1 may disrupt
the synthesis of Fe-S clusters, resulting in metabolic disorders. In cardiomyocytes, excess
Cu?* upregulates SLC31A1 expression, disrupts Cu homeostasis and promotes cuprop-
tosis. Among P53’s many regulatory functions, it modulates GSH levels and suppresses
ATOX1 expression, and failure of UPS may lead to impaired insulin production. Follow-up
studies should utilize computer analysis and other means to search for drugs that inhibit
cuproptosis through the regulation of the proteins involved in cuproptosis.

Recent trends indicate that DM is on the rise, resulting in a greater need for effective
treatment in society. A growing body of evidence also indicates that cuproptosis contributes
to the development of DM. In preclinical trials and animal experiments, inhibition of Cu
metabolism has been shown to improve DM and its complications, thus offering a new
therapeutic approach for the treatment of DM. It is still necessary to improve cuproptosis in
DM, because many known cuproptosis-related targets have not yet been directly verified in
DM models. It is important to focus research on cuproptosis and its mechanism of action in
the context of DM in the future, and the mechanism underlying cuproptosis in DM should
be explored further.
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