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ABSTRACT

Background: Sepsis is a disease associated with high morbidity and mortality rates, especially among the elderly and patients in intensive care units. Disulfidptosis, a
newly identified form of cell death triggered by disulfide stress, is emerging as a significant factor in disease progression. This study aimed to explore the diagnostic
and prognostic value of disulfidptosis-related genes in sepsis.

Methods: We obtained two datasets from the Gene Expression Omnibus (GEO) database to conduct our analysis. Functional enrichment analysis was performed to
identify relevant biological pathways. A protein-protein interaction network was constructed to identify hub genes critical to sepsis. Additionally, we analyzed the
immune infiltration status in sepsis patients. The diagnostic value of these hub genes for sepsis was evaluated using nomograms, receiver operating characteristic
(ROC) curves, and calibration curves in both training and validation datasets. Finally, a miRNA-immune-related hub genes (miRNA-IHGs) regulatory network was
developed to elucidate the synergistic interactions between miRNAs and their target genes.

Results: A total of 3,469 differentially expressed genes (DEGs) were identified, of which seven were related to disulfidptosis (DR-DEGs). Functional enrichment
analysis showed that DR-DEGs were significantly enriched in pathways related to actin dynamics. Five hub genes (MYH10, ACTN4, MYH9, FLNA, and IQGAP1)
were identified as central to these processes. The analysis of immune infiltration revealed significantly lower levels of 11 immune cell types, while macrophages and
regulatory T cells were significantly elevated in sepsis patients. The area under the ROC curves (AUCs) of the IHGs risk prediction model were 0.917 and 0.894 for
the training and validation sets, respectively. A miRNA-IHGs regulatory network, comprising 17 nodes and 27 edges, was constructed, with MYH9 being the most
frequently regulated by miRNAs.

Conclusion: The pathophysiological process of sepsis appears to involve disulfidptosis, highlighting it as a potential new therapeutic targets for sepsis management.

1. Introduction gies and identify new biological targets offers the best

hope for improving sepsis outcomes [3].

Sepsis is a common, often fatal, and expensive disease
in the general population, associated with high rates of
mortality and morbidity. It is estimated that sepsis affects
30 million people worldwide each year, and its preva-
lence is increasing as the population ages [1]. In many
countries, the true incidence of sepsis is difficult to deter-
mine due to underreporting, which remains a significant
issue. Sepsis continues to pose a substantial burden on
healthcare systems and insurance, especially in develop-
ing countries [2]. Research focused on diagnostic tech-
nologies that improve individualized management strate-

Disulfidptosis, a newly identified form of cell death
proposed by Junjie Chen and Boyi Gan in 2023, is char-
acterized by the susceptibility of the actin cytoskeleton to
disulfide stress [4]. This type of cell death is closely asso-
ciated with tumor progression and has been used in clini-
cal oncology for prognosis prediction and as a therapeutic
target [5-7]. Emerging evidence suggests a potential rela-
tionship between sepsis and actin cytoskeleton dynamics.
In neutrophils, actin cytoskeleton remodeling is critical
for their recruitment and migration to infection sites [8].
F-actin is essential for the contractility and function of

Abbreviations: GEO, gene expression omnibus; ROC, receiver operating characteristic; miRNA-IHGs, microRNA-immune related hub genes; DEGs, differentially
expressed genes; DR-DEGs, disulfidptosis-related differentially expressed genes; NET, neutrophil extracellular trap; DRGs, disulfidptosis-related genes; GO, genome
ontology; KEGG, Kyoto encyclopedia of genes; BP, biological process; CC, cellular component; MF, molecular function; ssGSEA, single-sample gene set enrichment
analysis; IHGs, immune-related hub genes; MYH10, myosin heavy chain 10; ACTN4, alpha-actinin-4; MYH9, myosin heavy chain 9; FLNA, filamin-A; IQGAP1, Iq
motif containing GTPase activating protein 1; aDCs, activated dendritic cells; iDCs, immature dendritic cells; pDCs, plasmacytoid dendritic cells; Tfh, follicular helper
T cells; TIL, tumor-infiltrating lymphocytes; Treg, regulatory T cells; CCR, CC chemokine; HLA, human leukocyte antigen; APC co-inhibition, antigen-presenting cell
co-inhibition; FOXP3, forkhead box P3.

* Corresponding author.
E-mail address: wginfection@email.sdu.edu.cn (G. Wang).

https://doi.org/10.1016/j.imj.2024.100143

Received 22 April 2024; Received in revised form 17 July 2024; Accepted 26 August 2024

2772-431X/© 2024 The Authors. Published by Elsevier Ltd on behalf of Tsinghua University Press. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.imj.2024.100143
http://www.ScienceDirect.com
http://www.elsevier.com/locate/imj
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imj.2024.100143&domain=pdf
mailto:wginfection@email.sdu.edu.cn
https://doi.org/10.1016/j.imj.2024.100143
http://creativecommons.org/licenses/by-nc-nd/4.0/

W. Zou, L. Sai, W. Sai et al.

various organs, including the heart and lungs, and disrup-
tion in F-actin organization and contractility during sepsis
can lead to organ dysfunction and failure [9]. A key fea-
ture of sepsis is the formation of neutrophil extracellular
trap (NET), which is regulated by the actin cytoskeleton.
Inhibition of Arp 2/3-dependent F-actin polymerization
not only reduces NET formation but also protects against
pathological inflammation and tissue damage in septic
lung injury [10].

To date, no studies have investigated the association
between disulfidptosis and sepsis. Understanding the un-
derlying mechanisms of disulfidptosis in sepsis could re-
veal novel therapeutic targets for treating this condition.
In the present study, we used the NCBI Gene Expres-
sion Omnibus to identify differentially expressed genes
(DEGS) in sepsis patients compared to healthy controls
and screened for disulfidptosis-related hub genes using a
combined dataset. We then analyzed differences in im-
mune cell populations and immune functions between the
two groups. Finally, we validated the diagnostic value of

GSE95233
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immune-related hub genes (IHGs) in both training and
validation sets, providing insights into potential therapeu-
tic strategies for sepsis.

2. Materials and methods
2.1. Data acquisition

The study flowchart is shown in Fig. 1. Mi-
croarray datasets were downloaded from the NCBI
Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.
nih.gov/geo/) through a manual search [11], specifi-
cally GSE95233 (training set) and GSE57065 (valida-
tion set). The search keywords were “sepsis”, with the
following searching strategies: (“sepsis”[MeSH Terms]
OR sepsis [All Fields]) AND “Homo sapiens”[porgn]
AND (“gse”[Filter] AND “Expression profiling by ar-
ray”[Filter]). GSE95233 consisted of 102 sepsis samples
derived from whole blood and 22 healthy samples, while
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Fig. 1. Flowchart of the research.
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GSE57065 included 82 sepsis patients and 25 normal
blood samples.

2.2. Data processing and identification of differentially
expressed genes

Disulfidptosis-related genes (DRGs) were sourced from
a previous study [4], with a total of 14 DRGs included:
ACTN4, ACTB, CD2AP, CAPZB, DSTN, FLNA, FLNB, INF2,
IQGAP1, MYH10, MYL6, MYHO, PDLIM1, and TLN1. The
two datasets were preprocessed using R (version 4.2.1).
The “limma” package was used to identify DEGs [12].
The cutoffs for selecting DEGs were set at an adjusted
p-value < 0.05 and |log,-fold change (FC)| > 0.5. A
Venn plot was used to show the intersection of DEGs and
DRGs.

2.3. Functional enrichment analysis

The “Org.Hs.eg.db” R package was used to convert
gene names to gene IDs. Functional enrichment analy-
ses, including Genome-Ontology (GO) and Kyoto Ency-
clopedia of Genes (KEGG) pathway analyses, were imple-
mented using the “ClusterProfiler” software package in R.
The GO pathway analysis encompassed Biological Process
(BP), Cellular Component (CC), and Molecular Function
(MF). The results were visualized using the “enrichplot”
and “ggplot2” R packages.

2.4. Protein—protein interaction (PPI) network construction
and hub gene screening

The STRING online database (https://string-db.org/)
was used to construct a PPI network for disulfidptosis-
related DEGs, and Cytoscape software (version 3.9.1) was
employed to process and extract key subnetwork. Five
hub genes with the highest scores were selected using the
maximum correlation criterion (MCC algorithm) via the
cytoHubba plugin in Cytoscape.

2.5. Landscape of immune infiltration status

The single-sample Gene Set Enrichment Analysis (ss-
GSEA) algorithm was applied to calculate enrichment
scores. The “GSVA” and “GSEABase” packages in R were
used to quantify the scores of 16 immune cells and 13
immune-related pathways, exploring the relationship be-
tween disulfidptosis-related genes and immune cell infil-
tration. Heatmaps were displayed using the “pheatmap”
package, and box plots were generated with the “ggpubr”
and “reshape 2” packages. The correlation heatmap of im-
mune cells and immune function was depicted using the
“corrplot” package. Spearman correlation analysis was
conducted using the “psych” and “ggcorrplot” packages
in R. IHGs were defined as those showing more than 50%
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immune infiltration and a correlation coefficient greater
than 0.3.

2.6. Construction and validation of the IHGs risk prediction
model

The IHGs nomogram was constructed using the “rms”
R package. The accuracy of the nomogram was evaluated
using the C-index and ROC curve through the “ROCR”
package, and a calibration curve was plotted to verify its
reliability.

2.7. MiRNA (microRNA)-IHGs regulatory network
construction

The Enrichr database’s TargetScan (https://
maayanlab.cloud/Enrichr/) was used to predict miR-
NAs related to IHGs, retaining only Homo sapiens. The
microRNA-immune related hub genes (miRNA-IHGs)
regulatory network was visualized using Cytoscape
software.

2.8. Statistical analysis

All data and statistical analyses were performed using
R software (version 4.2.1). The Wilcox test or t-test was
used to compare the statistical difference between the two
groups. The unpaired student’s t-test was used to calculate
p-values and adjusted p-values, with p-values adjusted for
false discovery rates (FDR). The relationship between the
expression levels of genes associated with hub disulfidpto-
sis and immune cells was analyzed by the Spearman cor-
relation. Receiver operating characteristic (ROC) curves
were used to assess the diagnostic accuracy of the three
hub genes, with results expressed as the area under the
ROC curves (AUROC) and a 95% confidence interval (CI).
p-values were two-sided, and a p-value<0.05 were consid-
ered statistically significant.

3. Results

3.1. Screening for differentially expressed genes in
disulfidptosis-related genes (DRGS)

A total of 3,469 DEGs were identified using the
GSE95233 dataset, which included 102 sepsis and 22 nor-
mal samples. Of these, 1,719 genes were over-expressed,
and 1,715 genes were under-expressed. The volcano plot
and heatmap are presented in Fig. 2A and B, respectively.
Seven DRGs (DR-DEGs) overlapped with these DEGs, in-
cluding two up-regulated and five down-regulated genes
(Fig. 2C). The clustering heatmap and volcano plot for
DR-DEGs are shown in Fig. 2D and E.
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Fig. 2. Overview of DEGs in sepsis and normal patients. (A) Volcano plot of DEGs between normal and sepsis patients in the GSE95233 database. Red circles indicate
up-regulated genes in sepsis, while blue circles indicate down-regulated genes in sepsis. (B) Heatmap for DEGs identified from the GSE95233 database. Each column
represents one sample, and each row represents one DEG. (C) Venn diagram showing overlapping genes between DEGs and DRGs. (D) Heatmap of DR-DEGs. (E)
Volcano plot of DR-DEGs.
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3.2. Functional correlation analysis of DR-DEGs

In the KEGG analysis, DR-DEGs were primarily associ-
ated with the “Tight junction” and “Regulation of actin
cytoskeleton” pathways (Fig. 3A). GO analysis for DR-
DEGs included BP, CC, and MF (Fig. 3B). In the GO-
BP analyses, the major enriched pathways were “actin
filament-based movement” and “regulation of cell mor-
phogenesis”. In the GO-CC analysis, DR-DEGs were en-
riched in the “actin filament bundle” pathway. In the GO-
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MF analysis, DR-DEGs were associated with “actin bind-
ing” and “actin filament binding” pathways. Overall, DR-
DEGs were significantly linked to actin dynamics-related
pathways.

3.3. PPI network and hub genes

The PPI network included seven nodes and 15 edges
(Fig. 4A). The minimum required interaction score was
set at 0.4 using the STRING online database. All seven
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Fig. 3. Functional enrichment analysis. (A) KEGG pathway enrichment results highlighting significant pathways associated with DR-DEGs. (B) GO pathway analysis

results showing the distribution of DR-DEGs in BP, CC, and MF.
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Fig. 4. Protein—protein interaction (PPI) network of DR-DEGs. (A) PPI network comprising 7 DR-DEGs illustrating their interactions. (B) Subnetwork highlighting
the top five hub genes from the PPI network, determined using the maximum correlation criterion.

nodes were interrelated. Hub genes were identified us-
ing the cytoHubba plug-in. The top five hub genes
were myosin heavy chain 10 (MYH10), alpha-actinin-
4 (ACTN4), myosin heavy chain 9 (MYH9), filamin-A
(FLNA) and Iq motif containing GTPase activating protein
1 (IQGAP1) (Fig. 4B).

3.4. Immune cell infiltration status between sepsis and
control

The landscape of related immune cell infiltration and
immune function was analyzed using the ssGSEA algo-
rithm. Fig. 5A shows the expression status of 16 im-
mune cells and 13 immune-related pathways across all
patients. Fig. 5B shows the expression of 16 immune
cells in the sepsis and control groups. Thirteen immune
cells displayed significant differences in expression be-
tween the control and sepsis groups. The numbers of acti-
vated dendritic cells (aDCs), B cells, CD8* T cells, im-
mature dendritic cells (iDCs), natural killer (NK) cells,
plasmacytoid dendritic cells (pDCs), T helper cells, follic-
ular helper T cells (Tfh), Thl cells, Th2 cells, and tumor-
infiltrating lymphocytes (TILs) were significantly lower in
the sepsis group than in the control group. Conversely, the
numbers of macrophages and regulatory T cells (Tregs)
were significantly higher in the sepsis group. As shown
in Fig. 5C, the levels of antigen-presenting cell (APC)
co-stimulation, CC chemokine receptor (CCR), check-
point markers, cytolytic activity, human leukocyte anti-
gen (HLA), inflammation promotion, major histocompat-
ibility complex (MHC) class I, T-cell co-inhibition, T-cell
co-stimulation, and type II interferon (IFN) response were
significantly lower in the sepsis group compared to the
control group. The expression level of APC co-inhibition
was significantly higher in the sepsis group. The corre-
lation between immune cell infiltration (IMCs) and im-

mune function (IMFs) is shown in Fig. 5D and E. A strong
positive correlation was observed between TILs and Thl
cells (correlation coefficient = 0.8), while a strong nega-
tive correlation was seen between TILs and macrophages
(correlation coefficient = —0.65). The positive correlation
between parainflammation and type I IFN response was
the strongest (correlation coefficient = 0.93), whereas the
strongest negative correlation was observed between T-
cell co-stimulation and APC co-inhibition (correlation co-
efficient = —0.23). Fig. 5F shows that five hub genes were
significantly correlated with IMCs/IMFs. MYH10 was neg-
atively correlated with IMCs/IMFs, while FLNA, ACTN4,
MYH9, and IQGAP1 were positively correlated with im-
mune components.

3.5. Risk model of the IHGs: establishment and validation

A predictive nomogram model for sepsis was con-
structed to estimate the diagnostic potential of IHGs
(Fig. 6A). The AUC of the model used to depict the nomo-
gram was 0.917 (Fig. 6B). The calibration curve used to
verify the the nomogram’s effectiveness revealed strong
consistency between the actual and predicted probabili-
ties (Fig. 6C). A high C-index value of 0.897 was achieved
in interval validation (Fig. 6D). The calibration curve for
the validation set is shown in Fig. 6E.

3.6. Related miRNA-IHGs regulatory network analysis

A miRNA regulatory network was constructed based on
IHGs using the TargetScan database. The network con-
sisted of 17 nodes (5 genes, 12 miRNAs) and 27 edges
(Fig. 7). Within the network, both has-miR-1538 and has-
miR-4745-3p were associated with ACTN4, MYH9, and
MYH10. In addition, MYH9 was regulated by the major-
ity of the miRNAs.
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Fig. 7. Regulatory network of key miRNAs and target genes. The red rectangles represent miRNAs, and the blue circles represent target genes, highlighting the

interaction between miRNAs and immune-related hub genes.

4. Discussion

Sepsis has high morbidity and mortality rates world-
wide, especially in developing countries, accounting for
an estimated 20% of all global deaths [13]. Sepsis can ac-
tivate various forms of cell death [14], and increasing re-
search is focused on understanding the types of cell death
involved in sepsis. The pathology of disulfidptosis shares
some characteristics with sepsis, such as alterations in
actin dynamics. In this study, we analyzed the differences
in disulfidptosis-related DEGs between sepsis patients and
healthy controls. Seven DR-DEGs were identified, includ-
ing two upregulated and five downregulated genes, fol-
lowed by functional enrichment and pathway analyses.
We then focused on immune cell infiltration status and
found that cellular immunity and antigen presentation
were primarily upregulated in the sepsis cohort. Through
correlation analysis of IMCs, IMFs, and hub genes, we
identified five IHGs and constructed a nomogram, ROC
curve, calibration curve, and miRNA-IHGs regulatory net-
work. The diagnostic value of these IHGs were also vali-
dated in a separate cohort.

In this study, we found that DEGs were mainly en-
riched in pathways associated with actin dynamics. Pre-
vious studies have shown that small GTPase family mem-
bers, such as RhoA, regulate actin dynamics, and the ac-
tomyosin cytoskeleton is directly influenced by molecules
like Rho kinases during sepsis [15]. Increased vascular
permeability is a hallmark of sepsis [16], and dynamic al-
terations in actin fiber formation play an important role
in hyperpermeability. Activated protein C, which induces
dynamic rearrangement of the endothelial cell actin cy-
toskeleton, has been used to treat severe sepsis to protect

the endothelial barrier [17]. In an adult rat model of se-
vere sepsis, Rho-kinase signaling plays a role in the ad-
hesive and mechanical mechanisms of septic lung injury
[18]. The enhanced activity of the RhoA/ROCK pathway
contributes to vasoconstriction by increasing responsive-
ness to angiotensin II in sepsis-surviving rats [19]. F-actin
was also found useful for risk stratification in patients
with symptoms of sepsis [20]. Disulfidptosis, a newly
discovered form of programmed cell death described by
Chen et al. relies on the susceptibility of the actin cy-
toskeleton to disulfide stress [4]. These studies collec-
tively emphasize the importance of actin dynamics in sep-
sis, suggesting that the RhoA/ROCK pathway may play a
crucial role in the pathophysiology of the condition.

The disruption of immune homeostasis is a crucial as-
pect of organ dysfunction in sepsis. Sepsis impacts the
immune system by directly altering the lifespan, produc-
tion, and function of effector cells responsible for main-
taining homeostasis [21]. Maintaining immune balance
is a potential research direction for developing clinical
cure. Our study showed that Tregs and macrophages were
highly expressed in the sepsis group. Tregs are major im-
munoregulatory cells derived from naive T cells [22]. Nu-
merous studies have demonstrated that forkhead box P3
(FOXP3) regulates Treg cell development, function, and
homeostasis by activating or inhibiting its target genes
[23,24]. Various factors can modulate Treg function by
phosphorylating different sites of FOXP3 [25]. In ad-
dition, the resolution of inflammation in sepsis is con-
trolled by multiple subsets of regulatory immune cells,
including Tregs. A study by Shigeaki Inoue on a ce-
cal slurry-induced septic mouse model showed that infil-
trated Tregs can alleviate sepsis-associated encephalopa-
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thy by reducing neuroinflammation [26]. Macrophages
can be classified into two main phenotypes: inflamma-
tory or classically activated (M1-like) macrophages, and
healing or alternatively activated (M2-like) macrophages
[27]. M1-like macrophages secrete large amounts of pro-
inflammatory mediators, whereas M2-like macrophages
secrete anti-inflammatory mediators [28]. Increasingly,
studies focus on targeted drugs to regulate immune bal-
ance in sepsis treatment rather than relying solely on
traditional antibiotics. Wang et al. demonstrated that si-
lencing IncRNA-Cox2 modulated macrophage polariza-
tion by inhibiting the CREB-C/EBPp pathway, thereby re-
taining sepsis progression [29]. Carestia et al. showed that
platelets can promote macrophage polarization towards
the M1 phenotype, improving sepsis outcomes [30]. Our
analysis revealed that aDCs, B cells, CD8* T cells, iDCs,
NK cells, pDCs, T helper cells, Tfh cells, Thl cells, Th2
cells and TILs were downregulated in sepsis patients. Un-
like macrophages, NK cells and DCs showed a decline in
numbers and basic function early after infection [31,32],
and lymphocytes, including B cells and CD8™ T cells, was
markedly reduced due to their susceptibility to apoptosis
[33]. Yao et al. found that DCs exhibited low proliferative
and self-renewal abilities compared to other immune cell
types during sepsis [34].

We identified five DR-DEGs as immune-related hub
genes: MYH10, FLNA, ACTN4, MYH9, and IQGAPI.
MYH10 was negatively correlated with the differential
IMCs and IMFs, whereas FLNA, ACTN4, MYH9, and IQ-
GAP1 were mostly positively associated with immune
components. These five genes were validated in both the
training and validation sets. Few studies have explored
the relationship between MYH10 and sepsis. In contrast to
our findings, MYH9 and MYH10 have been shown to co-
operate in chronic kidney disease and cancer [35,36]. As
non-muscle myosin II complexes, MYH9 and MYH10 are
key regulators of actin dynamics [37]. MYH9 regulates
cell shape, while MYH10 regulates the activation state of
microglia [38]. FLNA, a member of the filamin family, is
a large dimeric actin-binding protein that stabilizes the
actin fiber network [39]. Research has demonstrated that
FLNA mutants can regulate actin dynamics via Rho GT-
Pases, which control monocyte migration [40]. ACTN4 is
anon-muscle alpha-actinin belonging to the actin-binding
protein family [41]. Studies have shown that ACTN4 ex-
pression is associated with tumor growth and metastasis
due to its role in the cytoskeleton [42,43]. IQGAP1, a scaf-
fold protein interacting with cytoskeletal components and
cell adhesion molecules, regulates actin and cell migra-
tion by modulating Rho GTPases, increasing cancer cells
motility [44]. Collectively, these five hub genes are as-
sociated with actin dynamics, and most have been impli-
cated in tumorigenesis. Based on the miRNA-IHGs regula-
tory network, MYHO plays a crucial role in the early diag-
nosis of sepsis. MYH9, as a key factor in actin-based cell
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motility, is closely related to fibroblast-dominant pathol-
ogy [45]. Studies have shown that MYH9 is a key regula-
tor of tumor-like invasion and migration of fibroblast-like
synoviocytes in patients with rheumatoid arthritis [46].
We propose that MYH9 may play a significant role in sep-
sis by influencing migration and invasion pathology.

The study has several limitations. The results require
confirmation through clinical trials and experiments, as
all data were derived from public databases. Future stud-
ies should involve more rigorous experimental designs
to validate the function and therapeutic potential of DR-
DEGs in sepsis.

5. Conclusion

In this study, we uncovered the relationship between
disulfidptosis-related genes and immune infiltration sta-
tus in sepsis. Based on the five selected hub genes, we
validated their diagnostic value and constructed a regu-
latory network underlying sepsis. Further studies are nec-
essary to explore the role of disulfidptosis in sepsis more
comprehensively.
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