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Abstract. The research field of regulated cell death is growing 
extensively. Following the recognition of ferroptosis, other 
unique and distinct forms of regulated cell death, including 
cuproptosis and disulfide death, have been identified. Disulfide 
death occurs due to the abnormal accumulation of disulfides 
within cells in environments lacking glucose, leading to 
contraction of the actin cytoskeleton, which ultimately trig‑
gers various signaling pathways and cell death. The induction 
of disulfide death in the treatment of cancer may exhibit 
significant therapeutic potential. Therefore, in the present 
review, a comprehensive and critical analysis of the current 
understanding of the molecular mechanisms and regulatory 
networks of disulfide death is presented. In addition, the 
potential physiological functions of disulfide death in tumor 
suppression and immune surveillance as well as its patho‑
logical roles and therapeutic potential are described. The core 
focus areas for future research into this form of cell death are 
also explored. Given the current lack of extensive clinical find‑
ings and well‑defined key concepts, these may be regarded as 
pivotal points of interest in future studies.
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1. Introduction

Cells represent the fundamental units and building blocks 
of life, serving a pivotal role in various aspects of existence 
through their proliferation, differentiation, functional 

characteristics and eventual death. Cell death was initially 
perceived to be passive and unregulated. However, by the 
1970s, apoptosis was discovered to be is a form of programmed 
cell death, executed through developmentally programmed 
pathways (1). The broader classification of regulated cell death 
refers to death programs that are molecularly regulated but not 
always associated with developmental programming (2). One 
such example includes ferroptosis, a term that was first intro‑
duced in 2012 (3), and which has had a profound impact on 
research into metabolic reprogramming in cancer. Ferroptosis 
is driven by the iron‑dependent peroxidation of phospholipids 
and is influenced by a variety of cellular metabolic events, 
including redox balance, iron handling, mitochondrial activity 
and the metabolism of amino acids, lipids and sugars, as well 
as a number of disease‑related signaling pathways (3).

Copper‑induced death, also known as cuproptosis, is 
another type of regulated cell death, which results from toxic 
stress inflicted on proteins associated with the tricarboxylic 
acid (TCA) cycle within the mitochondria due to lipid acyla‑
tion (4). By contrast, disulfide‑induced cell death, also known 
as disulfide death or disulfidptosis, arises from the accumu‑
lation of abnormal disulfide bonds in cells expressing high 
levels of solute carrier family 7 member 11 (SLC7A11) when 
starved of glucose. This leads to the formation of disulfide 
bonds between actin cytoskeletal proteins, which disrupts 
the F‑actin network. The F‑actin network comprises actin 
filaments that interact with myosin to generate movement 
within the cell and thereby contribute to processes such as cell 
migration and deformation. Disruption of this network leads 
to structural damage and ultimately triggers cell death (5). 
However, gaps remain in our understanding of the field of 
disulfide death. Research in this field has evolved through 
the exploration of trace elements, amino acid metabolism, 
redox reactions and cell death, and has generated a large 
volume of published research (5). Therefore, it is imperative 
to critically examine and consolidate recent research progress. 
In the present review, the causes, regulatory mechanisms and 
potential physiological roles of disulfide death, as well as 
associated therapeutic approaches and their effects on tumors 
are explored. Additionally, new theoretical challenges and 
issues facing this field are discussed, and recommendations 
are offered to guide future research into disulfide death.

2. Mechanism of disulfide death

Sulfur is not only an essential element for living organisms 
but is also one of the most abundant resources on Earth. A 
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number of sulfur compounds participate in the formation of 
inorganic sulfate salts, and sulfur is also incorporated into 
eukaryotes, e.g., via the amino acids methionine, cysteine and 
cysteine (6). Methionine is considered a key amino acid, as 
it plays a central role in polyamine synthesis by serving as a 
methyl donor, and is involved in the production of glutathione 
(GSH)  (7). Methionine is a precursor for cysteine in the 
synthesis of GSH; the latter primarily exists in the body in 
its reduced thiol form and an oxidized disulfide form (8). The 
liver is the primary source of GSH, where it plays a crucial role 
in antioxidative protection, detoxification, cysteine storage 
and the regulation of immune function (9). GSH deficiency or 
changes in the GSH/GSSG ratio increase the vulnerability of 
cells to oxidative stress, inflammation and tumor progression. 
By contrast, elevated GSH levels increase antioxidant capacity 
and resistance to oxidative stress, a phenomenon evident 
in various tumors (10). Exogenous GSH has been shown to 
inhibit inflammatory responses via the modulation of reactive 
oxygen species (ROS), whereas endogenous GSH has been 
shown to serve a role in the precise regulation of the innate 
immune response to infection, thereby modulating inflam‑
mation (10). Thus, GSH has a dual role in the inflammatory 
response; it acts both as an antioxidant by scavenging ROS 
during oxidative stress and as a signaling molecule that regu‑
lates protein function through thiol‑disulfide bond exchange 
reactions, such as protein glutathionylation. Numerous 
examples of this regulatory role in oncogenes including p53, 
hypoxia‑inducible factor‑1 and, c‑jun are included in a data‑
base developed by Chen et al (11) and are also discussed in a 
previous review (12). GSH‑deficient regulatory T cells (Tregs) 
exhibit increased serine uptake and de novo synthesis, which 
enhances the one‑carbon metabolic pathway. GSH not only 
controls the redox state of Tregs, but also serves as a nega‑
tive feedback regulator to limit serine input/synthesis. The 
inhibition of serine uptake restores the suppressive function 
of GSH‑deficient Tregs. According to relevant experiments, 
using mice that specifically ablate the catalytic subunit of 
Treg glutamate cysteine ligase (Gclc), the researchers found 
that removing GSH from Treg alters serine introduction and 
synthesis, and that the integrity of this feedback loop is critical 
to Treg's ability to inhibit it (13). Thus, GSH not only controls 
the redox state of Tregs, but also serves as a negative feedback 
regulator to limit serine input/synthesis (13).

SLC7A11 is a cystine/glutamate antiporter, also known as 
xCT, that plays a key role in numerous cancer types (14‑16), such 
as colorectal cancer (17), gastric cancer (18), breast cancer (19) 
and non‑small cell lung cancer (20). SLC7A11 facilitates the 
cellular import of cystine and export of glutamate. Once inside 
the cell, cystine is converted to cysteine with the consumption 
of nicotinamide adenine dinucleotide phosphate (NADPH) 
generated via the pentose phosphate pathway (PPP). Thus, 
SLC7A11 facilitates the biosynthesis of GSH from cysteine 
and thereby promotes the antioxidative defense  (21). The 
cystine/glutamate antiporter system Xc

‑ is primarily a dimeric 
structure comprising SLC7A11 as a light chain subunit and 
SLC3A2 as a heavy chain subunit. The former regulates the 
biological activity of Xc

‑ while the latter anchors the SLC7A11 
protein to the cell membrane (22) (Fig. 1).

The inward and outward transport of GSH, including its 
disulfide‑bonded form, proceeds via the Xc

‑ system (23). Under 

normal physiological conditions, the reducing cellular environ‑
ment promotes the formation of disulfide bonds in cytoplasmic 
proteins. Disulfide bond activation has been suggested to 
depend on three key features: i) High expression of SLC7A11, 
since high levels of extracellular cystine uptake and intracellular 
cysteine accumulation contribute to the occurrence of disulfide 
bond stress in cellular metabolic processes. Furthermore, the 
high expression of SLC7A11 stimulates tumor growth but also 
inhibits tumor metastasis (21,22,24‑27). ii) Glucose is critical 
to metabolic processes, and its metabolism through the PPP 
generates NADPH in its reduced form (28). The deprivation 
of glucose and administration of anti‑glycolytic drugs can 
cause tumor cells to die. This death may be due to necrosis, 
mitochondrial‑ or caspase‑8‑mediated apoptosis, or the forma‑
tion of abnormal disulfide bonds between actin cytoskeletal 
proteins (29). iii) The excessive accumulation of disulfides 
promotes the formation of disulfide bonds between actin cyto‑
skeletal proteins. This results in the contraction of actin and 
its detachment from the plasma membrane, ultimately leading 
to cell contraction and death (30) (Fig. 1). When the expres‑
sion of SLC7A11 is low and combined with a state of glucose 
deprivation or the interruption of glucose intake, intracel‑
lular glucose levels decrease. This inhibits the production of 
glucose 6‑phosphate via the inhibition of hexokinase, and also 
suppresses the generation of NADPH and pyruvate through 
the PPP and glycolysis (28). As a result, pyruvate levels are 
effectively reduced via the TCA cycle and mitochondrial 
oxidative phosphorylation. These physiological processes 
trigger oxidative stress and deplete ATP levels, which in turn 
increases the expression levels of Bax and Bak. Cytochrome 
c is then released from the mitochondria, which activates 
caspase‑3 and further promotes membrane blebbing and cell 
apoptosis mediated by poly (ADP‑ribose) polymerase (31). 
By contrast, the high expression of SLC7A11 combined with 
glucose starvation or reduced intake leads to a marked intake 
of cystine, decreased cysteine levels, reduced consumption of 
NADPH, and the accumulation of intracellular disulfides, ulti‑
mately triggering a disulfide bond stress response. This stress 
activates the Rac‑WAVE regulatory complex (WRC)‑actin 
related protein 2/3 (Arp2/3) signaling pathway, thereby 
producing abnormal disulfide bonds and sulfidation in the 
actin cytoskeleton of muscle cells (32).

3. Regulation of cellular metabolism and disulfide death

Conditions of glucose starvation. The primary characteristic 
of the tumor microenvironment is hypoxia, which is closely 
associated with the rapid progression and metastasis of 
cancer (33). Hypoxia inhibits the formation of disulfide bonds 
and impairs protein folding in the endoplasmic reticulum 
(ER), thereby disrupting ER homeostasis (34). In most types of 
cancer, hypoxia causes the cellular energy supply to be derived 
primarily from glycolysis and the PPP. A key factor in trig‑
gering disulfide death is the interruption of glucose metabolism 
during glucose starvation, as this impairs the PPP pathway and 
thereby reduces the generation of NADPH. However, cancer 
cells have the ability to exploit the tumor microenvironment 
to grow rapidly in nutrient‑poor conditions  (35). Glucose 
metabolism is inextricably associated with lipid and amino 
acid metabolism, and the regulation of one aspect may cause 
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alterations in other metabolic pathways that can lead to disul‑
fide death (36). In addition to the Warburg effect, increased 
glutamine catabolism and de novo fatty acid synthesis are key 
hallmarks of cancer. Glutamine catabolism provides nutrients 
for the TCA cycle, and supplies nitrogen and carbon for the 
synthesis of nucleotides and amino acids (36). Furthermore, 
rapidly dividing cancer cells require increased de  novo 
synthesis of fatty acids from acetyl coenzyme A using the 
reducing power of NADPH for membrane biosynthesis (36). 
When cysteine availability is limited, some cells utilize the 
transsulfuration pathway to biosynthesize cysteine from 
methionine. Specifically, cystathionine β‑synthase converts 
methionine‑derived homocysteine to cystathionine, which 
is then converted to cysteine by cystathionine γ‑lyase (37). 
Activation of the transsulfuration pathway inhibits the disul‑
fide death‑dependent pathway by producing cysteine or GSH, 
acting in conjunction with system Xc

‑.

Regulation and modification of SLC7A11. High expression of 
SLC7A11 is one of the key conditions for disulfide bond forma‑
tion; its expression is influenced by multiple mechanisms, 
potentially involving transcriptional regulation by transcrip‑
tion factors and epigenetic regulators. These mechanisms aim 

to control the mRNA levels, protein stability and subcellular 
localization and transport protein activity of SLC7A11 (21). 
The expression of SLC7A11 can be induced under various 
stress conditions, including oxidative stress, amino acid 
starvation, metabolic stress and genotoxic stress, likely as an 
adaptive response enabling cells to restore redox homeostasis 
and maintain survival under stress condition (22) (Fig. 1).

Activating transcription factor 4 (ATF4) and nuclear factor 
erythroid 2‑related factor 2 (NRF2) are considered to be the 
main transcription factors that mediate the stress‑induced 
transcription of SLC7A11  (38). ATF4 is a member of the 
ATF/cAMP response element‑binding family that not only 
serves as a transcription activator but also as a repressor 
protein, capable of responding to various types of cellular 
stress including ER stress, oxidative stress, amino acid deple‑
tion and the integrated stress response (38). The association of 
ATF4 and NRF2 has been reported to induce the expression 
of cyclooxygenase‑2 in melanoma, and to regulate amino acid 
homeostasis via the production of asparagine and serine in 
non‑small cell lung cancer (39‑41). In addition, ATF4 promotes 
NRF2 expression through two pathways. The first pathway 
involves the depletion of GSH in ChaC glutathione‑specific 
γ‑glutamylcyclotransferase 1‑dependent cells, and the second 

Figure 1. Mechanisms of disulfide death and their regulation. ATF4, activating transcription factor 4; Arp2/3, actin related protein 2/3; Cdc42, cell division control 
protein 42; CHAC1, ChaC glutathione specific γ‑glutamylcyclotransferase 1; Cys, cysteine; GLUT, glucose transporter; N‑WASP, neuronal‑Wiscott‑Aldrich 
syndrome protein; NADPH, nicotinamide adenine dinucleotide phosphate; NCKAP1, NCK‑associated protein 1; NFE2L2, NFE2 like bZIP transcription 
factor 2; NRF2, nuclear factor erythroid 2‑related factor 2; PPP, pentose phosphate pathway; R5P, ribose 5‑phosphate; SLC3A2, solute carrier family 3 member 
7; SLC7A11, solute carrier family 7 member 11; TAZ, transcription coactivator with PDZ‑binding motif; TEAD, TEA domain transcription factor; WRC, 
WAVE regulatory complex; YAP, Yes1‑associated transcriptional regulator.
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pathway directly promotes the expression of NFE2 like the 
transcriptional induction of NFE2L2 expression (42). In‑depth 
analyses reveal that NRF2 supports ATF4‑induced cells by 
increasing cystine uptake via the glutamate‑cystine antiporter 
xCT. In addition, NRF2 upregulates genes mediating thiore‑
doxin usage and regeneration, thus balancing the glutathione 
decrease (42). Ultimately, both pathways promote the tran‑
scription of SLC7A11 and the generation of GSH. A study has 
shown that the expression level of ATF4 in gastric cancer is 
significantly increased, and that the transcriptional activity of 
ATF4 accelerates the growth and spread of gastric cancer (43). 
The antitumor activity of salbutamycin has been demonstrated 
to proceed via induction of the autophagic degradation of 
protein disulfide bond isomerase family A member 4 (PDIA4) 
and attenuation of the eukaryotic translation initiation factor 2 
α kinase 3‑ATF4‑SLC7A11 signaling pathway (44), suggesting 
that the promotion of PDIA4 and upregulation of SLC7A11 
promote the occurrence of disulfide death events. Studies have 
shown that PDIA4, an enzyme in the ER, is involved in the 
formation, breakage and rearrangement of protein disulfide 
bonds, thereby mediating oxidative protein folding (45,46).

ATF4 is known to regulate SLC7A11 via a number of 
other methods. For example, in hepatocellular carcinoma, 
Yes1‑associated transcriptional regulator (YAP)/transcription 
coactivator with PDZ‑binding motif (TAZ) are key effec‑
tors of the Hippo signaling pathway that play a crucial role 
in the maintenance of the intracellular GSH balance  (47). 
These transcription factors coordinate the ATF4‑dependent 
induction of SLC7A11 expression through interaction with 
TEA domain transcription factors (TEADs) (47). Research 
by Gao et al (47) indicated that the knockdown of YAP and 
TAZ resulted in a significant reduction in SLC7A11 expression 
at both the mRNA and protein levels in hepatocellular carci‑
noma cells. In the same study, chromatin immunoprecipitation 
using specific antibodies against YAP or TAZ followed by 
quantitative PCR (qPCR) showed that YAP and TAZ bind to 
DNA fragments containing TEAD motifs from the SLC7A11 
gene promoter. These findings demonstrate that SLC7A11 is 
a direct transcriptional target of YAP/TAZ. Further mecha‑
nistic experiments showed that YAP/TAZ interacts with 
ATF4, forming a complex that binds to TEAD motifs, thereby 
enhancing the nuclear localization of ATF4, further increasing 
transcriptional activity, and preventing proteasomal degrada‑
tion and ubiquitination in the cytoplasm. In addition, the study 
demonstrated that within the nucleus, ATF4 binds to DNA 
fragments in the amino acid responsive element region of the 
SLC7A11 promoter, thereby coordinating the expression of 
SLC7A11 (47). Thus, these findings indicate that a feedback 
loop between Hippo signaling and ATF4 activation regulates 
SLC7A11 expression. ATF4 and NRF2 are also involved in 
SLC7A11 transcription in melanoma, where enzyme activa‑
tion is predominantly associated with thiol metabolism and 
oxidative stress (48,49). As aforementioned, NRF2 supports 
ATF4‑induced cells by increasing cystine uptake via system 
Xc

‑ component SLC7A11  (42). Mechanistically, the high 
uptake of cystine by cancer cells, high SLC7A11 expression 
and reduced glucose metabolism leads to the toxic accumula‑
tion of cystine and other disulfide bond‑containing molecules 
in the cell, NADPH depletion and collapse of the redox 
system. SLC7A11 plays a key role in the synthesis of GSH and 

negatively regulates ferroptosis, yet is upregulated in disulfide 
death (50). Promoting the upregulation of SLC7A11 through 
alternative pathways may also promote the disulfide death 
process (Fig. 1).

Rac‑WRC‑Arp2/3 signaling pathway regulates disulfide 
death. Rac has been demonstrated to activate the WRC to 
promote the formation of lamellipodial protrusions from 
cells  (51,52). Cell migration typically involves the forma‑
tion of lamellipodia, which are induced by Rac GTPase, 
and peripheral cell protrusions, which are driven by actin 
networks formed by the branching activity of the Arp2/3 
complex (53,54). NCK‑associated protein 1 (NCKAP1) within 
the WRC is responsible for activating the Arp2/3 complex. 
This activation drives the formation of branched actin fila‑
ments and also promotes the reorganization of actin and 
the formation of lamellipodia, resulting in the construction 
of a branched cortical actin network beneath the plasma 
membrane (55,56). The absence of NCKAP1 has been shown 
to attenuate the glucose starvation‑induced formation of 
disulfide bonds, contraction of F‑actin and detachment of 
F‑actin from the plasma membrane in UMRC6 cells  (57). 
The WAVE‑2 catalytic subunit of the WRC facilitates 
Arp2/3‑mediated actin polymerization and lamellipodia 
formation. The branched network of actin filaments that form 
the lamellipodia is a critical environment in which disulfide 
linkages can form between actin cytoskeletal proteins. In a 
study of melanoma, it was established that WAVE pathway 
typically involves two key mechanisms, the first being the 
direct activation of neuronal‑Wiskott‑Aldrich syndrome 
protein (N‑WASP)‑Arp2/3 by the Rac‑independent activator 
cell division control protein 42 to form a plate‑like structure, 
and the second being the WRC‑Rac‑dependent formation of 
lamellipodia (58). The deletion of either of these two pathways 
can disrupt F‑actin filament formation and subsequently lead 
to cellular death (Fig. 1).

Glucose transporter (GLUT) inhibitors. GLUT inhibitors can 
induce the dimerization of SLC7A11 in GSH‑abundant cells 
and synergize with immune therapies, such as programmed 
cell death protein 1/programmed cell death ligand 1 anti‑
bodies, resulting in enhancing tumor‑killing efficacy  (59). 
MutS homolog 3 (MSH3) has been demonstrated to induce 
disulfide bond deposition in renal cell carcinoma (RCC) cell 
lines under glucose starvation conditions  (60). MSH3 is a 
DNA mismatch repair protein that binds to MSH2 to form the 
MutSβ heterodimer, which repairs incorrect base insertions 
and deletions (61). MSH3 is closely associated with the tumor 
microenvironment, immune checkpoint genes and immuno‑
therapeutic susceptibility (60). In the aforementioned study, a 
predictive model of disulfide‑related genes was constructed 
and MSH3 was identified as a key gene, the expression of 
which was negatively correlated with the number of Tregs, 
which contribute to the promotion of tumor progression and 
immune escape (60). The GLUT1 inhibitors BAY‑876 and 
KL‑11743 have been utilized to inhibit glucose uptake (62,63), 
consequently reducing NADPH production and increasing 
the NADP/NADPH ratio. This inhibition induced the forma‑
tion of disulfide bonds in the actin cytoskeleton and induced 
its collapse in highly SLC7A11‑expressing UMRC6 RCC 
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cells, efficiently leading to cell death (30). In addition, these 
GLUT inhibitors also significantly reduced colorectal tumor 
volume in a mouse xenograft model, suggesting that they have 
potential as a treatment for colorectal cancer (64). Glucose 
uptake is significantly increased in cancer cells  (65), and 
GLUT inhibition has been shown to be effective in reducing 
the proliferation and metabolism of human lung and cervical 
cancer cells (66). In addition, a study demonstrated that GLUT 
upregulation is associated with 5‑fluorouracil resistance, and 
the inhibition of GLUT significantly improved the outcome 
in a mouse model of colorectal cancer (67). The upregula‑
tion of SLC7A11 expression in colon cancer cells, which 
may be induced by mutations in tumor suppressor genes 
such as BRCA1‑associated deubiquitinase 1 or kelch‑like 
ECH‑associated protein 1, has been shown to promote the 
sensitivity of the cells to GLUT inhibitors (68,69). In a study 
by Zhao et al (70) in which HCT‑116 colorectal cancer cells 
were treated with the GLUT1 selective inhibitor BAY‑876 
and the GLUT1/GLUT3 inhibitor KL‑11743, sensitivity to 
these inhibitors was reduced in estrogen‑related receptor 
α knockdown cells compared with control cells, indicating 
that estrogen‑related receptor α sensitizes the cells to GLUT 
inhibition and ultimately to cell death. Overall, research 
suggests that the occurrence of disulfide‑related death events 
is promoted by the inhibition of GLUT.

4. Relationship between disulfide death and tumors

Metabolic reprogramming is often regarded as a notable 
hallmark of cancer, with disulfide death becoming a focal 
point of research. Studies performed using public databases 
have detected the expression and mutations of disulfide 
death‑related genes in cancers including lung adenocarcinoma 
(LUAD)  (71), breast cancer  (72) and hepatocellular carci‑
noma (73), as shown in Table I. Our group went from the study 
of iron death to copper death to the current study of disulfide 
death, which is an ongoing process of exploration in the field of 
cancer. Centered on disufidptosis‑associated genes, the studies 

performed cluster subtyping and analyzed the differentially 
expressed genes associated with disulfide death. Following 
this, multiple differentially expressed genes were employed 
to construct prognostic risk models, and the association of 
these genes with prognosis were analyzed through immune 
infiltration, immune checkpoint and drug sensitivity analyses, 
with the aim of determining precise individualized treatments 
according to different disease types (71‑73).

In the study of LUAD, qPCR was utilized to assess the 
expression of seven core differentially expressed genes in the 
A549 lung cancer cell line and the BEAS‑2B normal bron‑
chial epithelial cell line. Glucose‑6‑phosphate dehydrogenase 
(G6PD) had the highest risk coefficient as a disulfide death 
factor in LUAD among these genes, and western blotting exper‑
iments confirmed the elevated expression of G6PD in LUAD 
cells. Treatment with a G6PD inhibitor effectively reduced the 
expression of G6PD in the A549 cells, and the results of Ki67 
staining and colony formation assays showed that the inhibi‑
tion of G6PD significantly inhibited the proliferation of these 
cells (71). G6PD acts as a catalyst in the metabolism of glucose 
via the PPP, and also contributes to maintenance of the biolog‑
ical redox balance and biosynthesis processes (74). In tumors 
and other proliferating or developing cells, the rate of glucose 
uptake significantly increases, leading to the production of 
lactate, even in the presence of oxygen and fully functioning 
mitochondria. This process, known as the Warburg effect, 
has been studied extensively, as summarized in a previous 
review (75). In addition to meeting the biosynthetic needs of 
the cell during synthetic metabolic processes, the PPP also 
provides an antioxidative defense mechanism and generates 
NADPH (76). G6PD has a rate‑limiting role in the PPP and 
is dynamically modified by O‑linked β‑N‑acetylglucosamine, 
via a process termed O‑GlcNAcylation, under hypoxia (77). 
This glycosylation activates G6PD and enhances the flux of 
glucose through the PPP, providing necessary precursors for 
the biosynthesis of nucleotides and lipids, and reducing agents 
such as NADPH for antioxidative defense (78). It has been 
shown that the inhibition of G6PD glycosylation reduces the 
growth of A549 lung cancer cells in vitro and tumor growth 
in vivo, while G6PD O‑GlcNAcylation promotes the prolifera‑
tion and tumor growth of these cells. This highlights that the 
upregulation of G6PD in LUAD may serve as a new target 
for LUAD treatment (79). G6PD has also been indicated to 
regulate ferroptosis through an NADPH‑dependent mecha‑
nism, while NADPH also affects the disulfide bond formation 
process (71). A reduction in NADPH levels triggers the forma‑
tion of disulfide bonds between actin and the cytoskeleton 
proteins and the contraction of F‑actin, which are key steps 
leading to disulfide death (80).

The classical molecular subtypes of breast cancer include 
luminal, HER2 and basal subtypes, which have different 
prognostic characteristics and drug sensitivities (81). A study 
identified that NADH:ubiquinone oxidoreductase core unit S1 
(NDUFS1), leucine rich pentatricopeptide repeat containing 
(LRPPRC) and SLC7A11 are differentially expressed and 
have prognostic value for disulfide death in breast cancer by 
screening The Cancer Genome Atlas (TCGA) data and the 
GSE86166 dataset (72). NDUFS1 is the initiating enzyme of 
the mitochondrial respiratory chain, which is responsible for 
electron transfer from NADH to coenzyme Q10 and for the 

Table I. Expression of genes associated with disulfide death in 
different types of tumors.

Tumor type	 Associated genes	 (Refs.)

Lung adenocarcinoma 	 G6PD	 (71)
Breast cancer	N DUFS1, LRPPRC,	 (72)
	 SLC7A11
Gastric cancer	 APOD, NCKAP1	 (93)
Glioblastoma	 LRPPRC, RPN1, GYS1	 (114)
Bladder cancer	 POU5F1, CTSE	 (122)
Renal cell carcinoma	 MSH3	 (123)

APOD, apolipoprotein D; CTSE, cathepsin E; G6PD, glucose‑6‑phos‑
phate dehydrogenase; GYS1, glycogen synthase 1; LRPPRC, leucine 
rich pentatricopeptide repeat containing; MSH3, MutS homolog 3; 
NCKAP1, NCK‑associated protein 1; NDUFS1, NADH:ubiquinone 
oxidoreductase core unit S1; POU5F1, POU class 5 homeobox 1; 
RPN1, ribophorin I; SLC7A11, solute carrier family 7 member 11.
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translocation coupling of protons from the matrix to the inter‑
membrane space (82). It is the largest core subunit encoded by 
nuclear genes, and is part of the eight iron‑sulfur clusters that 
are responsible for the oxidation of NADH (83).

LRPPRC is a leucine‑rich PPR motif protein that regulates 
gene expression at the transcriptional and post‑transcriptional 
levels by binding to target RNAs. It contributes to RNA 
stabilization, regulation, processing, splicing, translation 
and editing  (84). As a multifunctional protein, LRPPRC 
regulates energy metabolism and is involved the maturation 
and stability of nuclear‑encoded mRNA, as well as cellular 
oxidative phosphorylation. It also plays a role in the regula‑
tion of signaling pathways and mitochondrial function (84). 
Mitochondria are important for NADPH synthesis and the 
regulation of disulfide bond stress; thus, the functional state 
of mitochondria may be closely associated with the onset and 
progression of disulfide toxicity. LRPPRC deficiency reduces 
the stability of mitochondrial mRNAs, resulting in the loss of 
polyadenylation of these mRNAs and abnormalities in mito‑
chondrial translational (85).

NDUFS1 plays a key role in the mitochondrial fusion 
pathway. Mitochondrial fusion is an endogenous protective 
process for mitochondrial quality control and the maintenance 
of mitochondrial homeostasis and function (86,87). NDUFS1 
is the largest core subunit in respiratory chain complex I, 
and the reduced expression of this subunit leads to reduced 
homeostasis of respiratory chain complex I and mitochondrial 
dysfunction (88). It has been demonstrated that significantly 
reduced levels of LRPPRC and NDUFS1 in ulcerative colitis 
may disrupt the homeostasis of the relevant subunits from 
respiratory chain complexes IV and I, causing the respira‑
tory electron transport chain to become dysfunctional and 
ultimately inhibiting NADPH production and the reduction of 
disulfide bonds, thereby promoting disulfide death (85).

The LRPPRC gene has been found to be upregulated in 
a variety of human malignancies, and this upregulation is 
closely associated with a poor prognosis (89,90). LRPPRC has 
also been demonstrated to serve as an independent prognostic 
factor in hepatocellular carcinoma (91). The downregulation of 
LRPPRC induces apoptosis in cancer cells and reduces their 
invasive ability, suggesting that LRPPRC may be a promising 
biomarker and potential molecular target for cancer treat‑
ment (84). It has been shown that LRPPRC and NDUFS1 are 
resistant to disulfide death and that their inactivation syner‑
gizes with glucose starvation and regulation of the energy 
metabolism of NADPH to induce cell death (30). LRPPRC 
and NDUFS1 have both been observed to be significantly 
downregulated in breast cancer, and it has been suggested that 
they may have a notable synergistic role in the induction of 
disulfide death in breast cancer (92).

Studies of genes associated with disulfide death in 
gastric cancer have identified that apolipoprotein D (APOD) 
and NCKAP1 are potential therapeutic targets for this 
disease (93,94). The NCKAP1 protein is a component of the 
WAVE complex, along with Abl interactor 1 and 2, BRICK1, 
cytoplasmic FMR1 interacting proteins 1 and 2, and WASP 
family members 1 and 2. NCKAP1 deletion has been shown to 
affect actin nucleation in fibroblast laminar pseudopod forma‑
tion by affecting the spreading and focal adhesion dynamics 
of cells, suggesting a role for NCKAP1 in cell migration (95). 

In addition, NCKAP1 is involved in the formation of the actin 
network, and has been shown to be a key gene in disulfide 
death, which regulates a variety of processes such as apop‑
tosis, migration and invasion, and serves a crucial role in 
pathogenesis (94).

APOD is one of the 22 members of the human APO 
family, encoded by a gene located on human chromosome 
3 (96). APOD is involved in the inflammatory response and 
lipid metabolism, and plays an important role in a number of 
cancers (97). For instance, high APOD expression has been 
shown to be associated with shorter overall survival and 
recurrence‑free survival in patients with non‑small cell lung 
cancer (98). Studies have also shown that elevated expression 
of APOD in cancer of the breast and central nervous system 
is closely associated with highly differentiated, non‑invasive 
and non‑metastatic cancers, and that APOD reduces the 
osteopontin‑mediated adhesion, invasiveness and prolifera‑
tion of Rama37 breast cancer cells in vitro (99‑101). However, 
APOD has been suggested to be an independent predictor of 
metastasis‑free survival and overall survival in patients with 
invasive breast cancer, with increased APOD expression being 
associated with a poor prognosis  (102). In gastric cancer, 
bioinformatics analyses have been used to indicate that APOD 
may be included as a component of genetic risk models for 
disulfide death, and is associated with an increased tumor 
mutational load and immune cell infiltration (103‑105). In 
addition, positive correlations have been identified for APOD 
with macrophage infiltration and the Wnt signaling pathway 
in stomach cancer as evaluated by the analysis of CD68 and 
Wnt family member 2B, respectively (106). In addition to its 
involvement in the immune response, APOD is also a marker of 
hypoxia, which has a fundamental role in the immune micro‑
environment of tumors (107,108). Bioinformatics analysis has 
also indicated that APOD expression is positively associated 
with cancer‑associated fibroblasts, endothelial cells and hema‑
topoietic stem cells in most cancers, but negatively associated 
with myeloid‑derived suppressor cells. It is hypothesized that 
APOD may affect formation of the actin cytoskeleton, subse‑
quently influencing the collapse of the cytoskeleton during 
disulfide death (109).

A study of glioblastoma identified three genes that were 
significantly associated with disulfide death in this type of 
cancer, namely LRPPRC, ribophorin I (RPN1) and glycogen 
synthase 1 (GYS1). These three genes were demonstrated to be 
located in the mitochondria, cytosol and microtubules, respec‑
tively, of U‑251MG glioblastoma cells (110). TCGA glioma 
dataset analysis revealed that LRPPRC is downregulated in 
glioma, whereas RPN1 and GYS1 are upregulated. In addition, 
a Kaplan‑Meier survival analysis showed that high LRPPRC 
expression was positively associated with a good prognosis 
while the high expression of RPN1 and GYS1 was positively 
associated with a poor prognosis in patients with glioma (110). 
RPN1 contributes to protein synthesis and glycoprotein forma‑
tion in the ER (111,112). It acts as a receptor and regulator of 
protein translocation in the ER, helping to direct and anchor 
nascent proteins to the ER membrane, thereby facilitating their 
proper folding and glycan modification (113). In a study aiming 
to evaluate RPN1 as a pan‑cancer marker, wild‑type (WT) and 
RPN1 knockout (KO) MDA‑MB‑231 breast cancer and A549 
lung cancer cells cultured in glucose‑containing or ‑deficient 
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medium were analyzed by flow cytometry to evaluate cell death. 
In addition, F‑actin in the cells was immunofluorescently labeled 
to visualize changes in the actin cytoskeleton under different 
glucose conditions. The results indicated that cell death and 
cytoskeletal breakdown occurred under glucose deprivation. 
This cytoskeletal breakdown was inhibited in RPN1 KO cells, 
suggesting that RPN1 mediates cell death through the degrada‑
tion of cytoskeletal proteins. In addition, protein extraction and 
western blotting analyses performed using non‑reducing and 
reducing methods indicated that when these cells are deprived 
of glucose, RPN1 KO contributes to the stabilization of cyto‑
skeletal proteins. This suggests that RPN1 deletion promotes 
cytoskeletal integrity. These findings suggest that RPN1 plays 
a role in the mediation of disulfide death in breast and lung 
cancer, possibly through a mechanism involving the induction 
of cytoskeletal protein degradation (114). It is possible that this 
pathway may also be associated with disulfide death in glioblas‑
toma. GYS1 is the most important rate‑limiting enzyme in the 
last step of glycogen synthesis (115). A lack of GYS1 has been 
shown to cause type 0 myoglycogen storage disease that may 
lead to death (116,117). GYS1 is rapidly induced under hypoxic 
conditions and is positively associated with the accumulation 
of glycogen in glioblastoma (118). A hypoxic environment 
is favorable for the growth, development and infiltration of 
tumors, and the upregulation of hypoxia‑induced factors has 
been verified as a basic pathway in most tumors (119). Notably, 
glycogen metabolism is a metabolic pathway that is upregu‑
lated by hypoxia  (120). Carbon and sulfur from glycogen 
breakdown can enter the PPP and contribute to the production 
of NADPH, which serves as a reducing agent to scavenge ROS 
and maintain immune cell survival (121). GSH and thioredoxin 
are two major cellular antioxidants that scavenge intracellular 
ROS and rely on NADPH, produced via the PPP, as an electron 
donor. Therefore, it may be hypothesized that GYS1 regulates 
disulfide death by influencing the production of NADPH by 
the PPP.

In summary, the current literature supports that disulfide 
death occurs in tumors, and G6PD, LRPPRC, SLC7A11, 
APOD, NCKAP1, RPN1 and GYS1 have been demonstrated 
to serve as predictive target genes in different tumor types. 
Among these, SLC7A11 serves as a key link to disulfide death 
and is also a promising target for research in a variety of 
cancer types.

5. Summary and outlook

In summary, cell death is known to progress via various 
processes, including apoptosis and necrosis, as well as 
ferroptosis, copper‑induced death and disulfide death. While 
cellular respiration in the form of oxidative phosphorylation 
is not essential for all cells, tumor cells commonly rely on 
the Warburg effect, an alternative pathway. In disulfide death, 
blocking the PPP prevents the supply of NADPH, resulting 
in the abnormal accumulation of disulfide bonds, which ulti‑
mately leads to cell death. Tumor cells require the glycolysis 
pathway to supply energy for survival, which can be inhibited 
by GLUT inhibitors to impede tumor growth. Among the solid 
tumors studied to date, most of the genes on disulfide death 
are associated with mitochondrial regulation, and respiratory 
chain 1 occupies an important role in mitochondria. SLC7A11 

is a key channel protein associated with disulfide death, 
and also serves as a therapeutic target for tumor cells. The 
expression of SLC7A11 has been found to be downregulated 
in ferroptosis and upregulated in disulfide death, suggesting 
a certain association between the two mechanisms. Potential 
means of regulating the relationship between these mecha‑
nisms and identifying a suitable target in tumor cells merit 
exploration in future studies.
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