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Background: This study aimed to investigate the role of Radical S-adenosyl Methionine Domain-Containing 2 (RSAD2) in 
regulating the apoptosis of LPS-stimulated RAW264.7 macrophages via the NF-κB signaling pathway.
Methods: Differentially expressed genes in LPS-stimulated macrophages were identified using a gene expression dataset from the 
Gene Expression Omnibus (GEO) database and analyzed with R software. Kyoto Encyclopedia of Genes and Genomes (KEGG) and 
Gene Ontology (GO) analyses were performed to predict the biological functions of the identified genes. Key genes involved in NF- 
κB-mediated apoptosis regulation were selected for further investigation. The expression levels of Bcl-2, cleaved caspase-3, and NF- 
κB p65 were assessed by Western blotting. TUNEL staining was used to evaluate apoptosis.
Results: RSAD2 knockdown significantly improved cell viability and reduced apoptosis in LPS-stimulated RAW264.7 cells. 
Downregulation of RSAD2 increased Bcl-2 expression and inhibited cleaved caspase-3 activity, thus inhibiting apoptosis. 
Mechanistically, the downregulation of RSAD2 suppressed the NF-κB signaling pathway in vitro. Treatment with phorbol 12-myristate 13- 
acetate (PMA), an NF-κB agonist, reversed the protective effects of RSAD2 knockdown in LPS-stimulated RAW264.7 cells.
Conclusion: Our findings suggested that RSAD2 knockdown alleviated LPS-induced apoptosis in RAW264.7 macrophages by 
suppressing the NF-κB signaling pathway, highlighting RSAD2 as a potential therapeutic target for sepsis-related macrophage 
dysfunction.
Keywords: sepsis, apoptosis, NF-κB pathway, RAW264.7, lipopolysaccharide

Introduction
Sepsis is a clinical syndrome characterized by infection-induced dysregulation of the host immune response, ultimately 
leading to multiple organ dysfunction syndrome (MODS).1 Among the affected organs, the lung is particularly susceptible and 
plays a critical role in the progression of the condition. Notably, over half of sepsis patients develop acute respiratory distress 
syndrome (ARDS) or acute lung injury (ALI).2 Despite increasing research efforts in sepsis, effective therapeutic options 
beyond standardized treatments and supportive care remain limited.3 Consequently, a deeper understanding of the biological 
processes underlying sepsis pathogenesis is essential for improving patient outcomes and advancing therapeutic strategies.

Macrophages, as essential components of the mononuclear phagocyte system, are widely distributed across tissues 
and perform diverse functions, including efferocytosis, phagocytosis, antibacterial defense, regulation of inflammation, 
vascular homeostasis, and erythropoiesis.4,5 Among these, alveolar macrophages (AMs) are the predominant immune 
cells in lung tissue. By releasing excessive proinflammatory cytokines, AMs contribute to neutrophil infiltration and lung 
tissue damage, playing a pivotal role in sepsis progression.2 This regulatory role of macrophages is closely tied to their 
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polarization into distinct phenotypes: classically activated, proinflammatory macrophages (M1), and alternatively 
activated, anti-inflammatory/repair macrophages (M2).6 M2 macrophages not only secrete anti-inflammatory cytokines 
but also facilitate the phagocytosis of apoptotic neutrophils, thereby mitigating inflammatory lung injury.5

In the early stages of sepsis, proinflammatory factors such as interferon-γ (IFN-γ) and lipopolysaccharide (LPS) drive 
proinflammatory macrophage polarization (M1).6 LPS, a key endotoxin component of gram-negative bacterial cell walls, 
activates macrophages via the nuclear factor (NF)-κB signaling pathway, leading to the production of proinflammatory 
mediators such as nitric oxide (NO), IL-1, TNF-α, and IL-6.7,8 These mediators, in turn, can activate the caspase cascade, 
ultimately inducing apoptosis in various cell types, including macrophages.9 Additionally, recent studies have highlighted 
that inhibiting macrophage ferroptosis, a regulated form of cell death, can ameliorate sepsis-induced acute lung injury.10 

In sepsis patients, macrophage apoptosis is markedly elevated,11 underscoring the critical importance of preventing 
excessive macrophage apoptosis in improving outcomes and alleviating tissue damage.

RSAD2, also known as Viperin, is an interferon-induced protein that is usually expressed at lower levels in ordinary 
cells but is significantly upregulated in cells after stimulation by type I interferons, various viruses, LPS, and poly (I:C).12 

RSAD2 is a highly conserved protein that can exert antiviral effects through various mechanisms, the most important of 
which is to generate 3′-deoxy-3′,4′-dihydrocytidine triphosphate (ddhCTP), which acts as a chain terminator, inhibits 
RNA polymerase and enhances innate immunity by regulating lipid synthesis and soluble protein secretion.13 In addition 
to its antiviral role, RSAD2 has been implicated in tumor progression, where it facilitates metabolic reprogramming to 
support malignancy.14 Additionally, studies have reported that RSAD2 promotes the development of psoriasis in 
keratinocytes by activating the TAK1-mediated NF-κB signaling pathway.15 Furthermore, knockdown of RSAD2 
suppresses the activation of the TLR2/MyD88/NF-κB signaling pathway in activated microglia.16 These findings 
collectively suggest a potential regulatory relationship between RSAD2 and NF-κB. However, to the best of our 
knowledge, the effects and molecular mechanisms of RSAD2 in sepsis remain unexplored.

Here, we elucidated the pivotal role of RSAD2 knockout in mitigating apoptosis by directly modulating the NF-κB 
signaling pathway. Collectively, these findings indicated that RSAD2 is a potential therapeutic target for sepsis.

Materials and Methods
Regent
LPS (L2880) was obtained from Sigma (United States). Phorbol myristate acetate (PMA, S8877, ≥99.80% purity) was 
purchased from MCE Company (United States).

Cell Culture and Treatment
The RAW264.7 cell line has been widely utilized in studies investigating macrophage functions, underlying mechanisms, 
and signal transduction pathways.17 RAW264.7 macrophages were obtained from Cell Bank, Chinese Academy of 
Sciences (Shanghai) and cultured in DMEM medium, supplemented with 10% fetal bovine serum (FBS) at 37°C in a 5% 
CO2 incubator. LPS (1 μg/mL) was used to stimulate RAW264.7 cells for 24 hours. When the RAW264.7 cells reached 
approximately 70% confluency, a negative control (NC) and si-RSAD2 were transfected into the cells at a concentration 
of 30 pmol using Lipofectamine™ 3000 (Thermo, United States) for 48 hours before the next experiment. The detailed 
sequences are provided in Supplementary Table S1.

RNA Extraction and Quantitative Real-Time PCR Analysis
An EZ-press RNA Purification Kit (EZbioscience, United States) was used to extract total cell RNA. The concentration 
and purity of the extracted RNA were determined via an ultra-micro ultraviolet spectrophotometer. Reverse transcription 
was carried out using PrimeScript™ RT reagent Kit (Takara, Japan). Twelve selected mRNAs were detected via real-time 
PCR in a LightCycler 480 system (Roche, Swiss) using TB Green® Premix Ex Taq™ Kit (Takara, Japan). The relative 
expression levels of the target genes were calculated via the 2−ΔΔCT method, with each sample being run in triplicate 
independently. The primers used are listed in Supplementary Table S2.
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Western Blot
Total protein was extracted via RIPA lysis buffer (Beyotime, China). The concentrations of these proteins were detected 
via a BCA Protein Assay kit (Thermo, USA). The proteins were then separated via sodium dodecyl sulfate‒polyacry
lamide gel electrophoresis (SDS‒PAGE) and transferred to PVDF membranes. The PVDF membranes were blocked for 
15 minutes at room temperature with protein-free rapid-blocking solution (Epizyme Biotech, China). The samples were 
subsequently incubated overnight at 4°C with antibodies against p-p65 (1:1000, Cell Signaling Technology, USA), 
RSAD2 (1:1000, Abcam, UK), cleaved caspase-3 (1:1000, Cell Signaling Technology, USA), Bcl-2 (1:1000, Abcam, 
UK), and GAPDH (1:1000, Abcam, UK). After three washes with TBST, the cells were incubated for 1 hour at room 
temperature with secondary antibodies. Another three washes with TBST were performed before the PVDF membrane 
was treated with an ECL chemiluminescence kit (Vazyme, China). The proteins were visualized via a chemiluminescence 
imager (Bio-Rad, UK). ImageJ software was used to analyze the gray values of the images.

TUNEL Staining
The level of DNA damage was measured using a TUNEL kit (Beyotime, China). The cells in each group were fixed at room 
temperature with 4% polyformaldehyde for 20 min, washed with PBS 3 times, and then incubated with Immunostaining 
Permeabilization Solution (Beyotime, China) for 10 min. After washing with PBS 3 times, the TUNEL reagent was used to 
incubate the cells at 37°C for 2 h, and the cells were then sealed with Antifade Mounting Medium with DAPI (Beyotime, 
China). Finally, the TUNEL-positive cells were observed under a fluorescence microscope.

Flow Cytometry
An Annexin V-FITC Apoptosis Detection Kit (BD, USA) was used. The cells in each group were collected, resuspended 
in precooled PBS, centrifuged, and discarded. Then, 300 μL of 1× binding buffer was added for resuspension, and 5 μL 
of Annexin V-FITC was added and mixed well. The mixture was protected from light and incubated at room temperature 
for 15 minutes. 5μL of PI was added for staining before loading, and 200 μL of 1×binding buffer was added. Analyze 
using FACS LSRFortessa X20 (BD, USA).

MitoSOX™ Mitochondrial Superoxide Staining
According to the manufacturer’s protocol of MitoSOX™ Red superoxide indicator (Invitrogen detection technologies, 
USA), prepare a 5 μM working solution by diluting the MitoSOX Red dye in serum-free medium. Remove the cell 
culture medium and gently wash the cells once with phosphate-buffered saline (PBS). The prepared MitoSOX Red 
working solution was added to the cells, which were subsequently incubated at 37°C in the dark for 10 minutes. After 
incubation, the cells were washed three times with PBS to remove excess dye. The fluorescence images were captured 
via an inverted fluorescence microscope. Semiquantitative analysis of the fluorescence intensity was performed via 
ImageJ software.

JC-1 Staining
According to the manufacturer’s instructions of the Mitochondrial Membrane Potential Assay Kit with JC-1 (Beyotime 
Biotechnology, China), the JC-1 staining working solution and JC-1 staining buffer were prepared. Following removal of the 
culture medium, 500 μL of fresh culture medium and 500 μL of JC-1 staining working solution were added to each well of the 
12-well plate, followed by thorough mixing. The cells were then incubated at 37°C in the dark for 20 minutes. After 
incubation, the supernatant was removed, and the cells were washed twice with JC-1 staining buffer. Fluorescence images 
were captured via an inverted fluorescence microscope, and semiquantitative analysis was performed via ImageJ software.

Cell Immunofluorescence Staining
The culture medium was removed, and the cells were gently washed twice with PBS. Then, 4% paraformaldehyde was 
added, and the cells were fixed at room temperature for 30 minutes. After fixation, the cells were washed three times with 
PBS for 5 minutes each. 0.1% Triton X-100 (dissolved in PBS) was added, and the samples were incubated at room 
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temperature for 10 minutes. Then, the cells were washed three times with PBS for 5 minutes each. Blocking buffer (5% 
BSA) was added, and the samples were incubated at room temperature for 1 hour. The blocking solution was removed, 
anti-p-p65 (1:250, Cell Signaling Technology, USA) was added, and the samples were incubated at 4°C overnight. After 
incubation, the cells were washed three times with PBS for 5 minutes each. Goat anti-rabbit IgG H&L (Alexa Fluor® 
488; 1:200; Abcam; UK) was added, and incubated at room temperature in the dark for 1 hour. After incubation, the cells 
were washed three times with PBS for 5 minutes each. The coverslips were removed from the plate, Antifade Mounting 
Medium with DAPI was added, and the slides were sealed for storage in the dark. Fluorescence images were captured via 
a fluorescence microscope, and semiquantitative analysis was performed via ImageJ software.

Bioinformatics Analysis
These mRNA sequencing data (GSE40885, species: Homo sapiens) were obtained from GENE EXPRESSION 
OMNIBUS (GEO) database. All samples were detected/re-identified by [HG-U133_Plus_2] Affymetrix Human 
Genome U133 Plus 2.0 Array. The mRNA data standardization and differential expression analysis (DEGs) were carried 
out by the DESeq R package (version 1.42.1). DEGs were identified via a cutoff of |log2(fold change) | ≥ 1 and a p value 
<0.05. Analysis of the sequencing data, including heatmap analysis, gene ontology (GO) analysis, Kyoto Encyclopedia of 
Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA), was conducted using the Pheatmap 
R package (version 1.0.12) and clusterProfiler R package (version 4.10.1), respectively.

Statistical Analysis
Data with normal distribution are presented as mean ± SD. Intergroup differences were assessed using Student’s t-test for 
two-group comparisons and one-way ANOVA with Tukey’s post hoc test for multiple groups. All statistical analyses 
were performed using GraphPad Prism 9.3. p < 0.05 was considered statistically significant.

Results
RSAD2 expression Was Upregulated in LPS-Induced RAW264.7 Cells
To identify novel biomarkers that serve as diagnostic indicators of sepsis and screen out the differentially expressed 
genes (DEGs), we analyzed the GSE40885 dataset of the GEO database. To assess the quality and distribution of the 
gene expression data, box plots were generated for all the samples from the GEO dataset. As shown in Supplementary 
Figure S1A, normalization of the raw expression data led to more consistent distributions across samples, enhancing data 
quality and ensuring its suitability for downstream analyses. Principal component analysis (PCA) showed the gene 
expression profiles between the Saline and LPS groups (Figure 1A). A representative heatmap revealed significant 
differences between the Saline and LPS groups (Figure 1B). To identify the most significant genes in the process of 
sepsis, volcano plots were constructed with a significance threshold of p < 0.05 and a fold change of |logFC| ≥ 1. The 
results revealed a total of 530 DEGs between macrophages stimulated with LPS and unstimulated macrophages, of which 
470 were upregulated and 60 were downregulated (Figure 1C). To validate the bioinformatics analysis results, 
RAW264.7 cells were stimulated with LPS, and the genes with the most significant logFC differences identified in the 
sequencing data were selected for qPCR validation. As shown in Figure 1D, among the 12 genes analyzed, 6 were 
significantly downregulated (TNFSF10, IFIT2, GPR183, GNG2, DDX58, and USP18), 3 were significantly upregulated 
(RSAD2, ATF3, and GBP5), and 3 showed no significant changes (ISG20, FPR2, and IFITM1). Among these genes, 
RSAD2 exhibited the most significant change and was closely associated with cell apoptosis and inflammation. Western 
blot showed that the protein expression level of RSAD2 was significantly upregulated in the LPS-induced RAW264.7 
cells (Figure 1E and F). These results suggested that RSAD2 was a potential target of apoptosis in LPS-induced 
macrophages.

The Mitochondrial Pathway of Apoptosis Is Activated in LPS-Induced RAW264.7 Cells
The pathology of sepsis involves multiple cell death pathways. In this study, we evaluated the expression of apoptosis- 
associated proteins using Western blot analysis. As shown in Figure 2A and B, the expression of the pro-apoptotic protein 
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cleaved caspase-3 was significantly elevated in LPS-treated RAW264.7 cells, while the expression of the anti-apoptotic 
protein Bcl-2 was markedly reduced. TUNEL staining revealed a significant increase in the proportion of TUNEL- 
positive cells in LPS-treated RAW264.7 cells (Figure 2C and D). Similarly, mitoSOX staining indicated that LPS 
treatment promoted mitochondrial superoxide production (Figure 2E and F). Furthermore, JC-1 staining demonstrated 
a significant reduction in mitochondrial membrane potential (MMP) in LPS-treated RAW264.7 cells (Figure 2G and H). 
Collectively, these findings highlighted that LPS induced mitochondrial pathway-mediated apoptosis in RAW264.7 cells.

Figure 1 RSAD2 expression was upregulated in LPS-induced RAW264.7 cells. (A) Principal component analysis (PCA) was used to distinguish the gene expression patterns 
between the Saline and LPS treatment groups. (B) Heatmap of differentially expressed genes (DEGs) in the LPS group compared to the Saline group, |log2(fold change) | ≥ 1, 
p value < 0.05. (C) Volcano map of DEGs. (D) The mRNA levels of the 12 DEGs (RSAD2, ISG20, FPR2, TNFSF10, GNG2, GBP5, DDX58, IFIT2, ATF3, USP18, GPR183, and 
IFITM1) were measured by qPCR. (E) The protein expression levels of RSAD2 were measured by Western Blot. (F) Semi-quantitative grayscale intensity analysis, n = 3. Data 
with normal distribution are presented as mean ± SD.
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Figure 2 The mitochondrial pathway of apoptosis is activated in LPS-induced RAW264.7 cells. (A and B) Western blot analysis and densitometric quantification of the 
protein expression levels of cleaved caspase-3 and Bcl-2, n = 3. (C) Apoptotic cells were identified by TUNEL-positive green fluorescence, while nuclei were counterstained 
with DAPI (blue). (D) Measurement of TUNEL-positive cell ratio, n = 3. (E) MitoSOX staining of RAW264.7. (F) Fluorescence intensity quantification of mitoSOX-positive 
cells, n = 3. (G) Typical JC-1 staining patterns observed in LPS-stimulated RAW264.7 cells. (H) Fluorescence signal intensity was quantified, n = 3. Data with normal 
distribution are presented as mean ± SD.
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RSAD2 Knockdown Attenuated Apoptosis in LPS-Induced RAW264.7 Cells
To investigate the role of RSAD2 in LPS-induced macrophage apoptosis, siRNA (siRSAD2) was used to knock down 
RSAD2 expression. Immunoblot analysis showed that siRSAD2 significantly inhibited the expression of RSAD2 
(Supplementary Figure S1D). Subsequently, we assessed the impact of siRSAD2 on apoptosis in LPS-stimulated 
RAW264.7 cells. According to Western blot results, LPS treatment increased cleaved caspase-3 levels but reduced 
Bcl-2 expression. However, in LPS-induced RAW264.7 cells, siRSAD2 increased Bcl-2 protein levels and reduced 
cleaved caspase-3 expression. (Figure 3A and B). The TUNEL assay demonstrated that siRSAD2 treatment led to 
a significant reduction in TUNEL-positive RAW264.7 cells exposed to LPS. (Figure 3C and D). Meanwhile, siRSAD2 
inhibited mitochondrial superoxide production (Figure 3E and F) and improved the mitochondrial membrane potential 
(Figure 3G and H) in LPS-induced RAW264.7 cells. These findings demonstrated that RSAD2 knockdown attenuated the 
apoptosis of LPS-induced RAW264.7 cells.

Functional and Pathway Enrichment of DEGs
To further clarify the molecular mechanism underlying RSAD2-mediated regulation of macrophage apoptosis, we 
conducted GO and KEGG pathway enrichment analyses on the differentially expressed genes (DEGs) of GSE40885 
dataset. GO analysis revealed that the DEGs were enriched primarily on the external side of the plasma membrane and 
specific granules at the cellular component (CC) level. At the biological process (BP) level, the DEGs were predomi
nantly associated with the positive regulation of cytokine production and the response to lipopolysaccharide. At the 
molecular function (MF) level, the DEGs were mainly involved in cytokine receptor binding, cytokine activity, and 
G protein-coupled receptor binding (Figure 4A–C). KEGG pathway enrichment analysis revealed significant enrichment 
in pathways such as cytokine‒cytokine receptor interaction, the NF‒kappa B signaling pathway, and the NOD‒like 
receptor signaling pathway (Figure 4D). To further explore the biological significance of the DEGs, gene set enrichment 
analysis (GSEA) was conducted. The results indicated significant upregulation of the apoptosis, inflammatory response, 
and the Nod1 2 signaling pathway (Figure 4E and F, S1B). Hub gene analysis reveals core regulatory genes such as 
RSAD2, NF-κB, and TNF (Supplementary Figure S1C). These results demonstrated that the NF-κB signaling pathway 
played a vital role in the LPS-induced RAW264.7 cell apoptosis.

RSAD2 Knockdown Inhibited the Activation of NF-κB Signaling Pathway in vitro
To clarify whether the downregulation of RSAD2 inhibits the NF-κB signaling pathway in RAW264.7 cells, the 
expression of p-p65 was detected by Western blot. The results revealed that p-p65 was significantly activated in LPS- 
induced macrophages, whereas RSAD2 knockdown markedly suppressed the activation of the NF-κB signaling axis 
(Figure 5A and B). Immunofluorescence staining results showed that p-p65 was activated in LPS-induced RAW264.7 
cells, accompanied by significant nuclear translocation (Figure 5C). ELISA data indicated concordant trends between 
NF-κB activity and its downstream cytokines (IL-6/TNF-α) (Supplementary Figure S1E and F). These results demon
strated that RSAD2 knockdown inhibited the activation of the NF-κB signaling pathway in vitro.

PMA Reversed the Protective Effect of RSAD2 Knockdown on Apoptosis in vitro
To determine whether RSAD2 mitigates LPS-induced apoptosis in RAW264.7 cells via the NF-κB signaling pathway, 
phorbol 12-myristate 13-acetate (PMA), an activator of the NF-κB signaling pathway, was utilized to evaluate whether 
the anti-apoptotic effect resulting from RSAD2 downregulation could be reversed. Western blot and flow cytometry 
analyses demonstrated that PMA significantly activated the NF-κB signaling pathway and promoted the apoptosis of 
RAW264.7 cells. Knockdown of RSAD2 effectively inhibited LPS-induced activation of p65 and subsequent apoptosis. 
However, the protective effect of RSAD2 knockdown was reversed upon PMA treatment (Figure 6A and B and Figure 6I 
and J). TUNEL staining showed that the ratio of TUNEL-positive cells in the LPS + siRSAD2 + PMA group was 
markedly greater than that in the LPS + siRSAD2 group (Figure 6C and D). Meanwhile, PMA treatment reversed the 
inhibitory effect of RSAD2 knockdown on mitochondrial superoxide production (Figure 6E and F) as well as the 
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Figure 3 RSAD2 knockdown attenuated apoptosis in LPS-induced RAW264.7 cells. (A) Western blot analysis of the protein expression levels of cleaved caspase-3 and Bcl-2. 
(B) Semi-quantitative grayscale intensity analysis, n = 3. (C) TUNEL staining of cell apoptosis. (D) Measurement of TUNEL-positive cell ratio, n = 3. (E and F) MitoSOX staining 
and fluorescence intensity quantification of RAW264.7, n = 3. (G) Typical JC-1 staining patterns observed in LPS-stimulated RAW264.7 cells. (H) Fluorescence signal intensity 
was quantified, n = 3. Data with normal distribution are presented as mean ± SD.
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Figure 4 Functional and pathway enrichment of DEGs. (A–C) Functional enrichment of DEGs in BP, CC, and MF of GO (D) The KEGG analysis enriched the top 10 
significant pathways of DEGs. (E and F) GSEA analysis of the differentially expressed genes.
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protective effect on mitochondrial membrane potential (Figure 6G and H). These findings indicated that PMA counter
acted the anti-apoptotic effects of RSAD2 silencing in RAW264.7 cells.

Discussion
In the present study, we found an increase in RSAD2 levels in human alveolar macrophages exposed to LPS and in 
RAW264.7 cells. Loss-of-function experiments revealed that RSAD2 plays a protective role in sepsis by modulating cell 
apoptosis. Mechanistically, RSAD2 knockdown significantly inhibited the activation of the NF-κB signaling pathway, 
resulting in the suppression of apoptosis. Taken together, our findings demonstrate for the first time that targeting RSAD2 
may be a potential therapeutic approach for sepsis.

RSAD2 (viperin), an interferon-inducible protein with well-established antiviral functions, has recently emerged as 
a critical modulator of inflammatory responses. While its role in viral infections was well documented, our study 
provided novel insights into its previously underappreciated involvement in bacterial endotoxin signaling and sepsis- 
associated acute lung injury (ALI). Lipopolysaccharide (LPS), a component of the outer membrane of Gram-negative 
bacteria, has been shown to upregulate the expression of RSAD2 in various cell types significantly.

Through analysis of public databases, we found that the expression of RSAD2 in human alveolar macrophages was 
significantly increased after stimulation with LPS. Moreover, we also observed the same phenomenon in RAW264.7 
cells. This finding, to some extent, corroborates the role of RSAD2 in sepsis-related ALI. As the core cells of lung 
immune regulation, alveolar macrophages (AMs) are very important for maintaining airway homeostasis and are 
involved in the development of various lung diseases.18 The reduction in the number of alveolar macrophages due to 
apoptosis of alveolar macrophages reduces their ability to phagocytize inflammatory effector cells, leading to the 
programmed release of a large number of inflammatory mediators by inflammatory cells, thus exacerbating lung injury. 
Bioinformatics analyses (GO, KEGG, and GSEA) revealed that apoptosis pathways were significantly upregulated in 
LPS-stimulated alveolar macrophages. In sepsis-induced ALI, excessive apoptosis of alveolar macrophages can impair 

Figure 5 RSAD2 knockdown inhibited the activation of NF-kB signaling pathway in vitro. (A) Western blot analysis of the protein expression levels of p-p65. (B) Semi- 
quantitative grayscale intensity analysis, n = 3. (C) Representative immunofluorescence staining for p-p65. Data with normal distribution are presented as mean ± SD.
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Figure 6 PMA reversed the protective effect of RSAD2 knockdown on apoptosis in vitro. (A and B) Western blot results of p-p65, RSAD2, Bcl-2, and cleaved caspase-3 
protein expression levels, n = 3. (C) TUNEL staining of cell apoptosis. (D) Quantification of TUNEL-positive cells, n=3. (E and F) MitoSOX staining and fluorescence 
intensity quantification of RAW264.7, n = 3. (G) Typical JC-1 staining patterns observed in LPS-stimulated RAW264.7 cells. (H) Fluorescence signal intensity was quantified, 
n = 3. (I and J) Flow cytometry analysis of apoptosis in vitro. Data with normal distribution are presented as mean ± SD.
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their phagocytic ability, leading to increased inflammatory mediator release and exacerbated lung injury.19,20 Western 
blot, TUNEL assays, and flow cytometry confirmed these findings in RAW264.7 cells. Meanwhile, using siRNA to 
knock down RSAD2 in RAW264.7 cells, we found that reducing RSAD2 expression attenuated LPS-induced macro
phage apoptosis.

Previous studies have shown that NF-κB signaling plays a pivotal role in immune and inflammatory responses, with 
dysregulation linked to numerous diseases, including cancer, autoimmune disorders, and sepsis.21 The NF-κB transcrip
tion factor family, comprising NF-κB1 (p105/p50), NF-κB2 (p100/p52), p65 (RELA), RELB, and c-REL, forms homo or 
heterodimers, with the p65/p50 dimer being the most common.22 In LPS-stimulated macrophages, persistent nuclear 
accumulation of p65 drives NF-κB activation, creating a positive feedback loop that amplifies the inflammatory 
response.23 NF-κB plays a dual role in apoptosis regulation, mediating a balance between survival and cell death. 
Studies have shown that macrophage polarization to the M1 phenotype can activate NF-κB and promote mitochondrial- 
mediated apoptosis.24 Conversely, inhibiting NF-κB activation in certain cell types reduces apoptosis by modulating the 
expression of Bcl-2 and Bax.25 Phosphorylation of p65, a hallmark of NF-κB activation, was used as a key indicator to 
assess pathway activity. We found that RSAD2 knockdown significantly inhibited the activation of the NF-κB pathway. 
These findings align with reports that RSAD2 knockdown in LPS-stimulated microglia reduces activation of the NF-κB 
pathway, suppressing proinflammatory factor expression and alleviating neuropathic pain.26 Knockout of the S100A9 
gene in macrophages can alleviate LPS-induced ALI by downregulating TLR4/MyD88/NF-κB signal conduction to 
regulate M1 macrophage polarization and inhibit pyroptosis.20 Circ-Phkb induces alveolar macrophage apoptosis and 
increases inflammation by promoting TLR4/MyD88/NF-κB.19 However, conflicting studies suggest that RSAD2 may 
also inhibit NF-κB activation under certain conditions, impairing innate immune responses.27 In various cell types, 
RSAD2 consistently exerts its effects by activating the NF-κB pathway, such as promoting microglial activation16 and 
inducing keratinocytes to secrete pro-inflammatory mediators.15 However, a divergent response was observed in 
Mycobacterium tuberculosis-infected macrophages, likely attributable to infection-specific alterations. These discrepan
cies may result from variations in experimental conditions, cell types, and stimuli, highlighting the complexity of 
RSAD2’s regulatory mechanisms on the NF-κB signaling pathway.

To further clarify whether RSAD2 attenuates the apoptosis of RAW264.7 cells via the NF-κB signaling pathway, 
PMA (NF-κB activator) was used. We found that the use of PMA significantly reversed the protective effect of RSAD2 
knockdown against apoptosis in RAW264.7 cells. The findings revealed that RSAD2 exerts its anti-apoptotic effect 
against LPS through NF-κB pathway-mediated regulation of apoptosis-related proteins.

Despite these significant findings, our study has several limitations: 1) All experiments were conducted in vitro using 
RAW264.7 cells. Further, in vivo studies in animal models are needed to confirm the role of RSAD2 in ALI. 2) In our 
cell experiments, the results were replicated only three times, resulting in limited statistical power. However, our 
preliminary findings remain valid and warrant further verification in studies with larger sample sizes to enhance statistical 
robustness. 3) While we assessed NF-κB activation by measuring p65 phosphorylation, additional studies on downstream 
NF-κB targets and signaling pathways are necessary to fully elucidate the molecular mechanisms. 4) We only used the 
siRNA to knock down the expression of RSAD2. Targeting RSAD2 with selective inhibitors (eg, siRNA nanocarriers) 
could potentially attenuate sepsis-induced ALI by dual suppression of inflammation and cell death, offering a novel 
approach beyond current anticytokine therapies. 5) RSAD2 knockdown may alleviate sepsis-induced macrophage 
apoptosis via its anti-inflammatory action, though this contradicts its known antiviral function, indicating potential 
limitations for treating mixed infections.

Conclusion
This study underscored the pivotal role of RSAD2 in sepsis. We demonstrated that RSAD2 knockdown mitigates 
macrophage apoptosis by suppressing NF-κB signaling, providing novel insights into RSAD2 as a potential therapeutic 
target for sepsis-related ALI and ARDS. Further research is needed to explore the translational potential of these findings 
in clinical applications.
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