
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Jianan Zhao,
Shanghai University of Traditional Chinese
Medicine, China

REVIEWED BY

Dongyi He,
Shanghai Guanghua Rheumatology Hospital,
China
Ping Jiang,
Shanghai Jiao Tong University, China
Ming-Lin Liu,
University of Pennsylvania, United States

*CORRESPONDENCE

Xinlu Wang

wangxinlu110@126.com

Yongxia Wang

wyxchzhq@163.com

Mingjun Zhu

zhumingjun317@163.com

†These authors have contributed equally to
this work

RECEIVED 21 June 2024
ACCEPTED 19 August 2024

PUBLISHED 05 September 2024

CITATION

Wei J, Wang A, Li B, Li X, Yu R, Li H, Wang X,
Wang Y and Zhu M (2024) Pathological
mechanisms and crosstalk among various
cell death pathways in cardiac involvement
of systemic lupus erythematosus.
Front. Immunol. 15:1452678.
doi: 10.3389/fimmu.2024.1452678

COPYRIGHT

© 2024 Wei, Wang, Li, Li, Yu, Li, Wang, Wang
and Zhu. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Mini Review

PUBLISHED 05 September 2024

DOI 10.3389/fimmu.2024.1452678
Pathological mechanisms and
crosstalk among various cell
death pathways in cardiac
involvement of systemic
lupus erythematosus
Jingjing Wei1†, Aolong Wang1†, Bin Li1,2†, Xingyuan Li1, Rui Yu1,
Haitao Li1, Xinlu Wang1*, Yongxia Wang1* and Mingjun Zhu1*

1Heart Center, The First Affiliated Hospital of Henan University of Chinese Medicine,
Zhengzhou, China, 2Henan Evidence-based Medicine Center of Chinese Medicine, The First Affiliated
Hospital of Henan University of Chinese Medicine, Zhengzhou, China
Systemic lupus erythematosus (SLE) is a prevalent autoimmune disease primarily

characterized by the involvement of multiple systems and organs. Cardiovascular

disease is the primary cause of mortality in patients with SLE, though the

mechanisms underlying the increased cardiovascular risk in SLE patients remain

unclear. Recent studies indicate that abnormal activation of programmed cell death

(PCD) signaling and the crosstalk among various forms of cell death are critical in the

immunopathogenesis of SLE. Furthermore, apoptosis, necroptosis, pyroptosis,

NETosis, and ferroptosis are recognized as key cellular processes in the

pathogenesis of SLE and are closely linked to cardiac involvement. This review

uniquely explores the intricate crosstalk between apoptosis, necroptosis, and other

cell death pathways, discussing their roles and interactions in the pathogenesis of

cardiac involvement in SLE. Investigating the interplay between PCD signaling and

cardiac involvement in SLE in understanding the disease’s underlying mechanisms

and offers opportunities for new therapeutic interventions. The integration of

precision medicine and innovative strategies targeting these complex pathways

holds promise for enhancing the treatment prospects of SLE with

cardiac involvement.
KEYWORDS

programmed cell death, systemic lupus erythematosus, cardiac involvement, crosstalk,
immune dysregulation
Abbreviations: SLE, systemic lupus erythematosus; PCD, programmed cell death; CVD, cardiovascular

disease; MOMP, membrane permeabilization; AdMVs, apoptosis-derived membrane vesicles; dsDNA,

double-stranded deoxyribonucleic acid; cGAS-STING, cyclic GMP-AMP synthase-stimulator of interferon

gene; IFN-1, type I interferon; NAD+, nicotinamide adenine dinucleotide; TNFR1, tumor necrosis factor

receptor 1; MMP-1, matrix metallopeptidase 1; NETs, neutrophil extracellular traps; IL-10, interleukin-10;

RIPK1, receptor-interacting protein 1; MLKL, mixed lineage kinase domain-like protein; NLRP3, nucleotide-

binding oligomerization domain-like receptor protein 3; PBMCs, peripheral blood mononuclear cells;

GSDMD, gasdermin D; ROS, reactive oxygen species; MPO, myeloperoxidase; NE, neutrophil elastase;

PAD4, peptidyl arginine deiminase 4; GSH, glutathione; GPX4, glutathione peroxidase 4; LPO,

lipid peroxides.
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1 Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease

characterized by systemic inflammation and abnormal production

of pathogenic antibodies (1). The clinical manifestations of SLE are

highly heterogeneous, potentially affecting multiple organs

including the heart, skin, skeletal muscles, kidneys, lungs, and

gastrointestinal tract (2). Over the past 20 years, advances in

medical technology have decreased the mortality rate of SLE

patients, raising the 5-year survival rate to over 90% (3).

However, the standardized mortality rate of SLE patients remains

2.5 times higher than that of the general population (4).

Cardiovascular disease (CVD) is the leading cause of premature

death in SLE patients (5), with the risk of CVD-related mortality

being 3 times higher in SLE patients than in the general population

(6). To further reduce the mortality rate of SLE patients, it is urgent

to investigate the pathological mechanisms underlying cardiac

involvement in systemic lupus erythematosus.

Multiple forms of programmed cell death (PCD) have been

described in SLE patients and are considered contributing factors to

disease onset (7). These cell death mechanisms not only activate the

immune system through the release of autoantigens and

inflammatory mediators but also influence the course and severity

of SLE by regulating immune cell functions and inflammatory

responses, ultimately causing damage to multiple organs (8).

Previous studies have shown enhanced apoptosis in SLE patients

with cardiac involvement (9). Additionally, necroptosis, pyroptosis,

NETosis, and ferroptosis are known to be closely associated with

CVD (10–12). Recent research indicates that the crosstalk between

different forms of cell death has a significant impact on the

pathogenesis of SLE and cardiac involvement. For instance, the

interaction between apoptosis and necroptosis can provoke a

stronger immune response and inflammatory reaction, worsening

cardiovascular damage (13). Additionally, emerging forms of cell

death, such as pyroptosis and ferroptosis, are increasingly studied in

SLE, and their roles in cardiac involvement are attracting growing

attention (14, 15). Some clinical trials investigating cell death

mechanisms have further elucidated potential therapeutic targets

for cardiac involvement in SLE (Table 1). A comprehensive

delineation of different pathways mediating different cell death

mechanisms and their interactions will help elucidate the

pathological basis in cardiac involvement of SLE patients,

providing a theoretical foundation for developing new

therapeutic strategies.
2 Apoptosis and its contribution to
cardiac involvement

Apoptosis is a form of programmed cell death that is activated

via two pathways: the extrinsic pathway, which activates caspase-8

through specific receptor-ligand interactions, and the intrinsic

pathway, which activates caspase-9 through the mitochondrial

pathway, ultimately leading to apoptosis by activating caspase-3

(Figure 1A) (16). Additionally, the caspase-8 mediated apoptotic
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pathway can drive mitochondrial outer membrane permeabilization

(MOMP) by cleaving BID, thereby activating caspase-9 and

caspase-3 (17). The activation of caspase-3 leads to the

production of apoptosis-derived membrane vesicles (AdMVs)

containing double-stranded DNA (dsDNA). It is noteworthy that

extracellular vesicles can be released during cellular death processes,

including necroptosis, pyroptosis, and NETosis. The defective

clearance of extracellular vesicles resulting from excessive cell

death can trigger autoimmune responses, which is one of the

pathological mechanisms of systemic lupus erythematosus

(18, 19). The cyclic GMP-AMP synthase-stimulator of interferon

genes (cGAS-STING) signaling pathway is the primary effector by

which cells sense and respond to the abnormal presence of dsDNA

in the cytoplasm (20). In the serum of SLE patients, AdMVs

induce type I interferon (IFN-1) production through the cGAS-

STIN pathway (21). Notably, senescent monocytes in SLE can

also promote IFN-a production via the STING pathway (22).

IFN-1 is a key cytokine mediator in the pathogenesis of SLE, with

elevated levels of interferon-stimulated genes in the blood of

systemic lupus erythematosus patients (23). IFN-1 can mediate

CD8+ T cell death in SLE patients by regulating nicotinamide

adenine dinucleotide (NAD+) levels (24). Additionally, recent

studies have confirmed that IFNa is associated with B cell

activation and autoantibody production (25, 26). In summary,

Apoptosis is closely related to SLE. Increased apoptosis and

defective clearance of apoptotic cells lead to heightened

autoantigen exposure, triggering autoimmune and inflammatory

responses in SLE (7). This may be one of the reasons for the

involvement of multiple organs.

Previous studies indicated that patients with SLE have a

significantly increased risk of CV (27, 28). Patients with both SLE

and CVD exhibited higher levels of fas cell surface death receptor

(FAS), tumor necrosis factor receptor 1(TNFR1), matrix

metallopeptidase 1 (MMP-1), and MMP-7 compared to those

without CVD (9). This suggested that FAS and TNFR1-mediated

extrinsic apoptosis may be linked to the heightened cardiovascular

risk in SLE patients. A clinical trial involving 80 SLE patients

revealed that anti-dsDNA antibodies can promote monocyte

apoptosis and activate the immune system, thereby driving the

development of atherosclerosis (29). Additionally, studies have

indicated that the mitochondrial deoxyribonucleic acid (mtDNA)-

mediated cGAS-STING pathway is associated with endothelial-to-

mesenchymal transition (30). Furthermore, apoptosis-mediated

IFN-I may be a key factor in the cardiac involvement observed in

SLE patients (31, 32). IFN-I induces apoptosis in endothelial

progenitor cells and circulating angiogenic cells (33), promotes

foam cell formation, activates endothelial and immune cells, and

enhances the recruitment of pro-inflammatory leukocytes to the

arteries (34, 35). This is a primary mechanism of atherosclerosis in

SLE. A clinical trial indicated that Anifrolumab, an antibody

blocking the IFN-I receptor, can reduce levels of neutrophil

extracellular traps (NETs), TNF-a, and interleukin-10 (IL-10)

while improving cholesterol efflux capacity (36). Overall,

apoptosis and IFN-I generation may accelerate the progression of

CVD in SLE. This mechanism could be a potential therapeutic

target for reducing cardiovascular risk in SLE patients.
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3 Necroptosis and its contribution to
cardiac involvement

As we delve deeper into the specific mechanisms of apoptosis in

SLE, it is essential to understand how this process interacts with

other cell death pathways, such as necroptosis. Necroptosis is a
Frontiers in Immunology 03
form of cell death distinct from traditional apoptosis and necrosis

pathways. This process is mediated by receptor-interacting protein

1 (RIPK1), RIPK3, and mixed lineage kinase domain-like protein

(MLKL) (Figure 1B) (37). The formation of the RIPK1/RIPK3

necrosome induces MLKL phosphorylation, which plays a role in

the inflammation and immune response in SLE (38, 39). The
TABLE 1 Overview of clinical studies on cell death mechanisms.

Classification Condition
or disease

ClinicalTrials.gov
number

Sponsor Interventions Primary
outcomes

Phase

IFN-1 receptor
blocking antibody

Systemic lupus
erythematosus,
premature
atherosclerosis

NCT05440422 National Institute of
Arthritis and
Musculoskeletal and
Skin Diseases

Anifrolumab Cardio-ankle
vascular index, pulse
wave velocity,
vascular
inflammation

Phase 2

Active systemic
lupus erythematosus

NCT02794285 AstraZeneca Anifrolumab Exposure-adjusted
incidence rates of
adverse events of
special interest,
serious
adverse events

Phase 3

Active systemic
lupus erythematosus

NCT02446899 AstraZeneca Anifrolumab Number of
participants who
achieved British Isles
Lupus Assessment
Group-based
Composite
Lupus Assessment

Phase 3

Active systemic
lupus erythematosus

NCT02446912 AstraZeneca Anifrolumab Number of
participants who
achieved a systemic
lupus erythematosus
responder index ≥4

Phase 3

Systemic
lupus erythematosus

NCT04877691 AstraZeneca Anifrolumab British Isles Lupus
Assessment Group-
based Composite
Lupus
Assessment response

Phase 3

NLRP3
inflammasome
inhibitor

Healthy subjects NCT04015076 Inflazome UK Ltd Inzomelid Incidence of
treatment emergent
advert events, peak
plasma
concentration

Phase 1

MPO inhibitor healthy
male subjects

NCT04986202 AstraZeneca AZD4831 Frequencies of
adverse events

Phase 1

Healthy subjects NCT04232345 AstraZeneca AZD4831 Number of subjects
with adverse events/
serious
adverse events

Phase 1

Heart failure NCT03756285 AstraZeneca AZD4831 MPO
specific activity

Phase 2

Heart failure NCT03611153 Mayo clinic AZD4831 Exercise Pulmonary
capillary
wedge pressure

Phase 1 and Phase 2

Heart failure with
preserved
ejection fraction

NCT04986202 AstraZeneca AZD4831 Kansas city
cardiomyopathy
questionnaire–total
symptom score, six
minute
walk distance

Phase 2b and
Phase 3
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crosstalk between apoptosis, necroptosis, and pyroptosis has

emerged as a crucial pathological mechanism in SLE. The

inhibition of caspase-8 activity in apoptosis can activate RIPK3

and MLKL phosphorylation, leading to necroptosis (16). Enhanced

INF signaling in SLE patients can mediate the assembly of RIPK1

and RIPK3, increasing necroptosis levels (40). Interestingly, RIPK3

can mediate both apoptosis and necroptosis, depending on the

levels of its molecular chaperones, heat shock protein 90 (Hsp90),

and cell division cycle protein 37 (Cdc37). RIPK3 can aggregate

with RIPK1, and caspase-8 to activate apoptosis (41). Additionally,

the activation of RIPK3 and MLKL can promote the production of

nucleotide-binding oligomerization domain-like receptor protein 3

(NLRP3) and IL-1b, which are associated with pyroptosis (42).

These findings indicate that necroptosis mediates the processes of

apoptosis and pyroptosis.
Frontiers in Immunology 04
MLKL, a critical factor in necroptosis, has increased mRNA levels

in the peripheral blood mononuclear cells (PBMCs) of SLE patients

(43). Meanwhile, the RIPK1/RIPK3/MLKL pathway-mediated

necroptosis plays a significant role in various CVDs, including

atherosclerosis, ischemia-reperfusion injury, myocardial infarction,

and myocarditis (44, 45). We hypothesize that necroptosis might be a

contributing factor to cardiac involvement in SLE. In patients with

atherosclerosis, the expression levels of RIPK3 protein and MLKL are

elevated. The necroptosis inhibitor Necrostatin-1 can reduce

necrosome formation, thereby alleviating plaque instability and size

(46). Additionally, studies indicate that RIPK1 may contribute to

atherosclerosis by activating the NF-kB pathway and promoting

inflammation (47). Interestingly, research also suggests that RIPK1

is involved in endothelial cell damage induced by oxidized low-

density lipoprotein (ox-LDL), and the necroptosis inhibitor
FIGURE 1

Dysregulation of cell death pathways and cardiac involvement in SLE. (A) Disruption of apoptosis. The extrinsic apoptotic pathway activates caspase-
8 through specific receptor-ligand interactions, converting it to caspase-3. Additionally, caspase-8 cleaves Bid, inducing mitochondrial outer MOMP
and activating caspase-9 within the apoptosome, triggering a caspase cascade. Activation of caspase-3 generates AdMVs, which induce IFN-1
production via the cGAS-STING pathway, influencing atherosclerotic plaque progression by enhancing foam cell formation. (B) Necroptosis
disturbance. Activation of necroptosis through TNFR and TLR4 binding leads to caspase-8-mediated apoptosis. The necrosome is stabilized by
RIPK1, RIPK3, and autophosphorylated MLKL, which promotes the binding of phosphorylated MLKL to the cell membrane. This process disrupts cell
integrity, exposing DAMPs. The RIPK3/MLKL signaling pathway mediates calcium influx, promoting cardiomyocyte hypertrophy. (C) Pyroptotic
imbalance. Anti-dsDNA antibodies and autoantigens activate the NLRP3 inflammasome, leading to caspase-1-mediated maturation and secretion of
IL-1b and IL-18, along with GSDMD cleavage. Subsequently, GSDMD can mediate the cGAS/STING/TBK1/IRF3/NF-kB signaling pathway, contributing
to the atherosclerosis process. (D) Abnormal NETosis. NADPH oxidase produces ROS and mitochondrial ROS, activating PAD4 and inducing
chromatin decondensation. The nuclear translocation of NE and MPO leads to histone degradation and NETs release, contributing to arterial
thrombosis formation. (E) Ferroptosis dysregulation. Autoantibodies and IFN-a synergistically induce the CaMKIV/CREMa axis, inhibiting GPX4
expression and increasing lipid-derived ROS, exacerbating ferroptosis. The NRF2/FPN1 signaling pathway is downregulated, leading to myocardial
ischemia-reperfusion injury.
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Necrostatin-1 can inhibit the NF-kB pathway (48). RIPK3 protein

expression increases in models of cardiomyocyte hypertrophy, and

the RIPK3/MLKL signaling pathway can mediate calcium influx,

promoting cardiomyocyte hypertrophy (49). In mouse models, the

RIPK3 inhibitor GSK872 can ameliorate diabetes-induced

myocardial fibrosis (50). These studies elucidate the importance of

RIPK1/RIPK3/MLKL pathway-mediated necroptosis in SLE and

CVD. Despite the current lack of research on the necroptosis

mechanisms in both conditions, targeting necroptosis might be a

potential strategy for reducing CVD risk in SLE. In addition to

apoptosis and necroptosis, pyroptosis is also an important factor in

the pathological mechanism of cardiac involvement in SLE.
4 Pyroptosis and its contribution to
cardiac involvement

Pyroptosis is a novel form of PCD characterized by membrane

perforation, cell rupture, and release of inflammatory cytokines,

including IL-1b and IL-18, mediated by the gasdermin D (GSDMD)

protein family triggered by inflammasomes, promoting

inflammatory responses and rapidly initiating the immune

response process (Figure 1C) (51). NLRP3 can activate caspase-1,

which cleaves IL-1b and IL-18 precursors into mature

inflammatory factors IL-1b and IL-18, further exacerbating the

occurrence of inflammatory responses and inducing pyroptosis

(52). Moreover, GSDMD also plays a crucial role in SLE, where it

is cleaved by caspase-1 into GSDMD-N, which translocates to the

cell membrane and forms pores, facilitating the release of IL-1b and

IL-18 (53). Importantly, abnormal aggregation or clearance defects

of apoptotic cells in SLE patients can lead to exposure of self-

antigens, accumulation of DNA and mtDNA, promoting the

production of autoantibodies, and further enhancing the

generation of IFN-1 (54, 55). Recent research using a SLE mouse

model has confirmed that mtDNA promotes the oligomerization of

GSDMD. The GSDMD inhibitor DSF can reduce the production of

autoantibodies, suggesting GSDMD as a new therapeutic target for

SLE (56). Additionally, DSF, as a GSDMD inhibitor, effectively

suppresses the levels of IFN and pro-inflammatory cytokines in the

PBMC of SLE patients.

The GSDMD, as a key mediator of cell pyroptosis, is closely

associated not only with pathological process in SLE but also with

the inflammatory response during acute myocardial infarction.

Inhibition of GSDMD can reduce the area of myocardial

infarction, exerting a cardioprotective function (57). Recent

research has shown enhanced expression of GSDMD in

atherosclerosis, where it can mediate the cGAS/STING/TBK1/

IRF3/NF-kB signaling pathway, contributing to the process of

atherosclerosis. GSDMD inhibitors can reduce the formation of

atherosclerotic plaques by regulating the release of mtDNA and the

STING pathway (58). Furthermore, PBMCs in SLE patients exhibit

upregulated expression of NLRP3 and IL-1b (59). Previous studies

have reported the involvement of NLRP3 inflammasomes and pro-

inflammatory cytokines IL-1b and IL-18 in the development of

various CVDs (10, 60), including acute myocardial infarction,
Frontiers in Immunology 05
atherosclerosis, and heart failure. Elevated levels of NLRP3

inflammasomes, caspase-1, and IL-1b are observed in the

peripheral blood of patients with dilated cardiomyopathy, with

NLRP3 levels serving as an independent risk factor for

readmission within 6 months (61). The NLRP3 inhibitor

MCC950 may represent a potential therapeutic avenue for

ameliorating multi-organ involvement in patients with SLE (62).

Recent research has confirmed that the MCC950 can alleviate

oxidative stress and aging in myocardial cells, alleviate

adrenaline-induced cardiac dysfunction in mice, and reduce the

formation of atherosclerotic plaques and systemic inflammation

(63, 64). Mounting evidence suggests that IL-1 and NLRP3

inflammasomes may serve as novel therapeutic targets for CVDs.

Previous research has indicated that pyroptosis mediated by

GSDMD and NLRP3 plays similar roles in both SLE and CVDs

(65, 66). Moreover, GSDMD inhibitors exhibit significant efficacy in

treating both SLE and CVDs, possibly offering a direction for future

treatments of these conditions. In addition to the above-mentioned

modes of cell death, NETosis also plays an important role in cardiac

involvement in SLE.
5 NETosis and its contribution to
cardiac involvement

NETs are web-like structures released by neutrophils into the

extracellular space (67). The formation of NETs is accompanied by

neutrophil death, termed NETosis, which is a unique cell death

process distinct from apoptosis and necroptosis. It is known that the

formation of NETosis is closely related to reactive oxygen species

(ROS) produced by NADPH oxidase and mitochondria (Figure 1D).

Activated peptidyl arginine deiminase 4 (PAD4) mediates histone

citrullination and neutrophil elastase (NE)-mediated histone

cleavage, facilitating chromatin decondensation, a critical process in

the formation of Neutrophil Extracellular Traps (NETs) (68).

Furthermore, the rupture of the nuclear and plasma membranes is

essential for the extracellular release of chromatin and NET

formation (69). The nuclear membrane acts as the primary

physical barrier to chromatin release, while the nuclear lamina,

composed of type A (A, C) and type B (B1, B2) lamin filaments,

plays a critical role in maintaining its structural integrity (70). Recent

research has revealed that the rupture of the nuclear membrane

during NET formation is caused by kinase-mediated phosphorylation

and disassembly of the nuclear lamina, rather than by proteolytic

cleavage (71). For instance, cyclin-dependent kinases 4 and 6(CDK4/

6), associated with nuclear envelope rupture, may regulate the

phosphorylation of lamin A/C, although causality has not been

experimentally confirmed (72). Notably, protein kinase C-a (PKC-

a) plays a pivotal role in the phosphorylation of lamin B, facilitating

the nuclear envelope rupture during NETosis (71). Recent studies

have confirmed that NETs are an important source of

mononucleosome circulating DNA, distinct from apoptotic cells

(73). The DNA, granule proteins, and histones released during

NETosis can become autoantigens in SLE (73). Furthermore, the

formation of NETs can promote IFN secretion, accelerating
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inflammation and disease progression in SLE (74). Simultaneously,

apoptotic cell microparticles in SLE patients drive the formation of

NETosis (75, 76). Notably, GSDMD plays a significant role in

pyroptosis in SLE. Recent studies have shown that GSDMD

knockout inhibits NETs formation in SLE mouse models (56).

Additionally, mitochondrial ROS participate in both NETs

formation and IFN-1 production. Inhibition of mitochondrial ROS

reduces IFN-1 production, alleviating disease progression in SLE

(77, 78). These studies illustrate the crosstalk between pyroptosis,

NETs, and apoptosis in SLE, ultimately leading to immune system

dysregulation in SLE.

Recent studies have found elevated levels of NETs in the

circulating blood of SLE patients (79). It is known that NETs are

involved in processes closely related to CVDs, such as atherosclerosis

(12), thrombosis (80), and adverse cardiac remodeling (81). Stanley

Moore and colleagues conducted the first clinical study on the

correlation between CVD and NETs in SLE patients. The results

showed that NETs are related to CVDs such as arterial thrombosis

and endothelial cell activation (82). The active components of NETs,

such as DNA and histones, can regulate the levels of FXII and FXI

(83, 84). The crosstalk between NETs and endothelial cell

mechanisms jointly participates in thrombosis formation (85).

Additionally, NETs can be elevated in patients with primary

hypertension, but their levels decrease after ARB treatment. This

phenomenon may be related to oxidative stress, autophagy, and

PAD4-mediated histone citrullination induced by Ang II (86). A

recent mouse study confirmed that Padi4-/- mice have a weakened

hypertensive response to Ang II, reduced aortic inflammation, and

improved endothelial cell-dependent vasorelaxation (87).

Furthermore, PAD inhibition can alleviate atherosclerosis and

arterial thrombosis formation (88). On the other hand, MPO

contributes to CVD by promoting endothelial dysfunction,

activating MMP, and causing LDL and HDL imbalances. MPO is

associated with atherosclerotic plaques and adverse cardiovascular

events (89). MPO inhibitors (AZM198) can stabilize plaques, and

serum MPO-DNA complexes can serve as biomarkers for predicting

adverse left ventricular remodeling post-PCI in myocardial infarction

patients (90, 91). In summary, although MPO, PAD4, and NETs

formation are related to CVD, extensive clinical trials and basic

research are still ongoing. This suggests that NETs may become a

common target for future treatment of SLE and CVD. As we consider

the role of NETosis in SLE, it is crucial to also examine ferroptosis.

The interaction between NETosis and ferroptosis adds another

dimension to the complex network of cell death modalities in SLE.
6 Ferroptosis and its contribution to
cardiac involvement

Ferroptosis is a form of non-apoptotic cell death characterized by

abnormal iron metabolism, lipid metabolic disorders, and excessive

accumulation of ROS (Figure 1E) (92). The glutathione (GSH)-

glutathione peroxidase 4 (GPX4) axis and the accumulation of iron

ions, which trigger the Fenton reaction, mediate lipid peroxidation,

ultimately leading to ferroptosis (93). GPX4 is a key regulator in the

ferroptosis process, capable of decomposing lipid peroxides (LPO),
Frontiers in Immunology 06
thereby inhibiting ferroptosis (94). Previous studies have shown that

serum autoantibodies and IFN-a in SLE patients can regulate the

CaMKIV/CREMa signaling pathway, inducing neutrophil

ferroptosis by inhibiting GPX4 activity and leading to increased

lipid ROS (95). Ferroptosis may be a key process in neutrophil

death and reduction in SLE patients. Recent studies have confirmed

that B cell ferroptosis is involved in the progression of SLE,

potentially related to ferroptosis-mediated B cell differentiation and

plasma cell composition. Ferroptosis inhibitors, such as Liproxstatin-

1, inhibited the production of autoantibodies andmalondialdehyde in

SLE (96, 97). These studies highlight the significant role of ferroptosis

in different cells during the progression of SLE.

Interestingly, ferroptosis is widely involved in the development

of various CVDs, including atherosclerosis, myocardial infarction,

ischemia-reperfusion injury, and heart failure (98). It is known that

ox-LDL can induce endothelial dysfunction associated with

atherosclerosis (99). Iron overload promotes macrophages to

absorb ox-LDL and transform into foam cells, ultimately leading

to atherosclerosis. In ox-LDL-treated mouse aortic endothelial cells,

the ferroptosis inhibitor Ferrostatin-1 can regulate lipid

peroxidation and ferroptosis. Ferrostatin-1 alleviates endothelial

dysfunction and atherosclerosis by downregulating adhesion

molecules and upregulating eNOS expression (100). Meanwhile,

GPX4 plays a key role in ferroptosis. Previous studies have shown

that the severity of atherosclerosis is negatively correlated with

GPX4 expression (101). In I/R mouse models, GPX4 expression is

significantly reduced, which may be related to the upregulation of

ELAVL1 and the NRF2/FPN1 pathway (102, 103). Ferroptosis

inhibitors, such as Liproxstatin-1, can protect the heart by

regulating GPX4 expression (104). Although there is currently a

lack of research on the shared mechanisms of ferroptosis in SLE and

CVD, existing studies suggest that the ferroptosis process in SLE is

closely related to CVD. This understanding may help us better

explore the reasons for the higher risk of CVD in SLE patients.
7 Conclusion

Overall, increasing research provides compelling evidence for the

involvement of various cell death modalities in cardiac complications

associated with SLE, highlighting a higher risk of cardiovascular

disease-related mortality in SLE patients. There is an urgent need to

understand the common mechanisms between SLE and CVD to

develop new therapeutic strategies. In this review, we systematically

discuss the potential common mechanisms linking different types of

cell death and immune response crosstalk in SLE patients and their

contribution to cardiac involvement, revealing potential common

targets. This may represent just the tip of the iceberg of SLE-related

cardiac complications. Although numerous studies have shown that

the crosstalk between different cell death modalities leads to

autoimmune abnormalities in SLE, which may underlie the

increased cardiovascular risk, more basic and clinical research is

needed to confirm this. Understanding the crosstalk between cell

death pathways not only elucidates the pathogenesis of cardiac

involvement in SLE but also opens new avenues for therapeutic

intervention. By comprehensively mapping these interactions, we
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can better identify novel targets for treatment, potentially improving

outcomes for patients with SLE and reducing their cardiovascular risk.

Future research should focus on elucidating thesemechanisms further,

with the aim of translating these findings into clinical applications.
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