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Objective: Diabetic retinopathy (DR) can cause permanent blindness with unstated pathogenesis. We aim to find novel biomarkers 
and explore the mechanism of apoptotic protease activating factor 1 (APAF1) in DR.
Methods: Differential expression genes (DEGs) were screened based on GSE60436 dataset to find hub genes involved in pyroptosis 
after comprehensive bioinformatics analysis. DR mice model was constructed by streptozotocin injection. The pathological structure 
of retina was observed using hematoxylin-eosin staining. The enzyme-linked immunosorbent assay was applied to assess inflammatory 
factors, vascular endothelial growth factor (VEGF), and oxidative stress. The mRNA and protein expression levels were detected using 
quantitative real-time polymerase-chain reaction and Western blot. Cell counting kit and flow cytometry were employed to detect 
proliferation and apoptosis in high glucose-induced ARPE-19 cells.
Results: Total 71 pyroptosis-related DEGs were screened. BIRC2, CXCL8, APAF1, PPARG, TP53, and CYCS were identified as hub 
genes of DR. APAF1 was selected as a potential regulator of DR, which was up-regulated in DR mice. APAF1 silencing alleviated 
retinopathy and inhibited pyroptosis in DR mice with decreased levels of inflammatory factors, VEGF, and oxidative stress. Moreover, 
APAF1 silencing promoted proliferation while inhibiting apoptosis and caspase-3/GSDME-dependent pyroptosis with a decrease in 
TNF-α, IL-1β, IL-18, and lactate dehydrogenase in high glucose-induced ARPE-19 cells. Additionally, caspase-3 activator reversed 
the promotion effect on proliferation and inhibitory effect on apoptosis and pyroptosis after APAF1 silencing in high glucose-induced 
ARPE-19 cells.
Conclusion: APAF1 is a novel biomarker for DR and APAF1 silencing inhibits the development of DR by suppressing caspase-3/ 
GSDME-dependent pyroptosis.
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Introduction
The onset of diabetic retinopathy (DR) typically takes approximately 10 years after the diagnosis of diabetes for clinical 
manifestations to emerge, with an incidence rate ranging from 24.7% to 35.7%.1 Microvascular complications of diabetes 
frequently occur in patients with DR, which is rapidly increasing globally.2 DR consists of non-proliferative DR and 
proliferative DR, according to whether neovascularization occurs in retina.3 DR can cause loss of peripheral cells, 
endothelial cell damage, and thickening of the basement membrane, which can lead to a breakdown of the blood-retinal 
barrier, blood vessel leakage, and insufficient oxygen supply to the retina, eventually inducing permanent blindness.4–6 

Current treatments for DR include anti-vascular drugs, laser photocoagulation, and vitrectomy.7–9 Unfortunately, the 
efficacy of the current treatments is still significantly unsatisfactory.10 Additionally, despite significant advances in retinal 
imaging in recent years, mild DR is a subtle symptom, which poses challenges for early diagnosis and subsequent 
intervention.11 Therefore, there is an urgent need to find new diagnostic and therapeutic targets for DR.
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In addition to being essential to body growth, cell death preserves homeostasis and wards against disease.12 

Pyroptosis is a type of lytic programmed cell death, which is distinguished by enlargement of the cell followed by the 
discharge of proinflammatory factors like interleukin (IL)-1β and IL-18.13 Pyroptosis depends on caspase-1 and its 
receptor, NOD-like receptor thermal protein domain associated protein 3 (NLRP3), which recognizes and activates the 
inactive caspase-1 to induce cell lysis, death, and the release of intracellular material through an incomplete cell 
membrane, causing an inflammatory response.14 According to recent research, inflammation is a major factor in the 
etiology of DR. For instance, caspase-1 and NLRP3 in peripheral blood mononuclear cells of DR patients are increased 
than those of normal controls, and the concentrations of NLRP3, caspase-1, and the pro-inflammatory factor IL-1β/18 are 
significantly elevated in the vitreous body.15 Studies have shown that chronic hyperglycemia induces Gasdermin 
(GSDM) D-mediated pyroptosis, which exerts a nonnegligible effect on the development of DR.16 Nevertheless, the 
specific regulatory mechanism of pyroptosis in DR needs to be further researched.

Apoptotic protease activating factor 1 (APAF1) is the core component of apoptotic body, and major conformational 
changes occur during mitochondrial apoptosis, which encodes a protein that is critical for caspase cascade activation in 
the intracellular pathway of programmed cell death.17,18 Cytochrome c is released from the mitochondria and forms 
a complex with APAF1 oligomers to cause the proteolytic activation of executive caspases, inducing apoptosis.19 Studies 
have shown that the activation of APAF1 and caspase can cause the cleavage of GSDME, thus triggering pyroptosis.20 

During postnatal development, the expression levels of key apoptosis regulators, APAF1 and caspase 3 are down- 
regulated in the retina.21 Therefore, the role of APAF1 in pyroptosis may be a potential therapeutic target of DR.

In present study, we aim to search for the promising biomarkers of DR based on bioinformatics analysis. As 
a candidate gene of interest, we explored the specific role of APAF1 in DR progression. Furthermore, we clarified the 
potential mechanism of APAF1 regulating pyroptosis in DR at cells and animal levels. This investigation hopes to 
determine a theoretical basis and potential target for DR treatment.

Materials and Methods
Dataset Screening and Differential Expression Genes (DEGs) Analysis
The gene expression profiles we analyzed were downloaded from the Gene Expression Omnibus database (https://www.ncbi. 
nlm.nih.gov/geo/). Datasets related to “Diabetic retinopathy” were retrieved from the database, and a microarray dataset 
GSE60436 meeting the analysis requirements was identified after screening. Using GEO2R (www.ncbi.nlm.nih.gov/geo/ 
geo2r), DEGs were screened out according to a significance threshold with BH <0.05 (BH: P value corrected by Benjamini– 
Hochberg multiple test) and |logFC|≥1.5 (DR vs Control). Heat map and volcano map were generated to visualize the DEGs, 
and box plot was plotted to standardize and correct samples in the dataset. Afterward, pyroptosis-related dataset retrieved from 
GeneCards database (https://www.genecards.org/) was selected for intersection to obtain pyroptosis-related DEGs of DR.

Function and Pathway Enrichment Analysis
The Database for Annotation, Visualization, and Integrated Discovery (DAVID) database was employed to perform Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. Subsequently, the GO and KEGG 
enrichment results were analyzed using R package clusterProfiler, and P <0.05 was regarded as the significance threshold 
to filter the most significantly enriched results to create enrichment dot plots.

Construction of Protein–Protein Interaction (PPI) Network and Hub Gene Analysis
DEGs analysis was conducted using the Search Tool for the Retrieval of Interacting Genes (https://www.string-db.org/) 
online database to forecast the interactions between proteins encoded by genes that played important roles in the 
pathogenesis of DR. A confidence interaction score of 0.4 was used for significance criteria. The PPI network was 
then displayed using the Cytoscape program (www.cytoscape.org/), and MCODE (Molecular Complex Detection) was 
utilized to identify important modules from the PPI network of DEGs. To determine the degree of each protein node and 
screen the hub gene according to the degree of connectivity, the Cytoscape plugin CytoHubba Version 0.1 was employed. 
Expression ridge map was drawn using R package. Principal component analysis (PCA) was performed using the hub 
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gene expression as a variable in the original sample data. After R package ggplot2 processing, two principal component 
variables, PC1 and PC2 were obtained. GO enrichment chord diagrams were generated using the expression of hub gene.

Construction of APAF1 Lentiviral Expression Vector and Lentiviral Packaging
APAF1-shRNA and control lentivirus vectors were constructed by GeneChem Biotechnology Co. Ltd (Shanghai, China). The 
plasmids were separately subjected to high-purity endotoxin-free extraction and transfected in 293T cells (Invitrogen, 
Carlsbad, CA, USA). Cells were then incubated with Dulbecco’s modified Eagle’s medium (DMEM) 6 h after transfection. 
The cell supernatant containing the recombinant plasmid was collected by centrifugation after 24 h and 48 h of culture, and the 
virus supernatant was concentrated by ultracentrifugation. The recombinant plasmid was preserved at −80°C. Subsequently, 
the 293T cells were seeded into a 24-well culture plate and added with 1 mL of DMEM for infection in 5% CO2 at 37°C. After 
48 h of the infection with virus diluent, the dilution gradient of green fluorescent protein cells was noted at a ratio of 10%, and 
the number of fluorescent cells infected by this gradient dilution in each well was counted to calculate virus titer.

Construction of DR Mouse Model and Animal Treatment
All the mice experiments adhered to the principles of the Declaration of Helsinki and the statement for the Use of Animals in 
Ophthalmic and Vision Research. All pertinent institutional and governmental requirements for the ethical use of animals were 
followed, and the ethics committee (Nanfang Hospital, Southern Medical University) approved the techniques for animal care 
and usage. BALB/c male mice (n=24; 6–8 weeks; SPF Biotechnology Co., Ltd., Beijing, China) were acclimated to the 
experimental scenarios (constant temperature of 20±2°C, humidity of 55±5%, light/dark period of 12 h) before model 
construction. Mice were randomly divided into control group, DR group, Lv-sh NC group, and Lv-sh APAF1 group, with 6 
mice in each group. After feeding for 1 week, mice were fasted for 6 h before model construction. Mice in the model group were 
intraperitoneally injected with 2% streptozotocin (a dose of 55 mg/kg body weight) dissolved in 10 mM citrate buffer (pH=4.5) 
on five consecutive days to induce DR.22,23 At the same time, mice in the control group were intraperitoneally injected with the 
same volume of citrate buffer. After 72 h of the final injection, the glucose level of tail vein blood in the mice was detected using 
OneTouch Ultra glucometer (LifeScan Inc., Milpitas, CA, USA). Mice with a stable glycemia >19 mmol/L, polyuria, emaciation, 
and glycosuria were considered to be diabetic mice. The control and APAF1-shRNA lentivirus particles (1 μL, 1.5×106 

transducing units/mL) were injected into the vitreous cavity of mice in Lv-sh NC group and Lv-sh APAF1 group, respectively 
at 2 weeks after the modeling. The same volume of normal saline was injected into the vitreous cavity of the mice in control group 
and the DR group. Two months after injection of streptozotocin, mice were anesthetized by inhaling 1–1.5% isoflurane mixed 
with oxygen for 4–5 min and subsequently euthanized by cervical dislocation for further experiment.

Tissue and Serum Collection
The retina of mice in each group was extracted as previously described.24 Briefly, the cheek skin of mice was tightened to 
make the eyeball protrusion out of the orbit. Then the cornea was sliced with a blade, and the lens was detached from the 
incised corneal fissure, resulting in acute retinal detachment. After that, the optic nerve and ocular artery were severed, 
and the eyeball was extracted and placed in a petri dish under a stereo mirror. A complete retina was obtained by cutting 
the edge of the retina with micro scissors. Some retina tissues were fixed with 10% paraformaldehyde, and remaining 
samples were preserved at −80°C for subsequent assays. Mice blood was collected by removing eyeball. Blood was 
centrifuged at 3000 r/min for 10 min at 4°C to extract serum.

Hematoxylin-Eosin (HE) Staining
The specimen was fixed in paraformaldehyde. After dehydration and hyalinization, the specimen was embedded in paraffin 
to prepare the sections. The paraffin sections were dewaxed, and immersed in hematoxylin (Sigma, Saint Louis, USA), and 
alcoholic eosin (Sigma) staining solution. The HE staining images were observed using an optical microscope.

Enzyme-Linked Immunosorbent Assay (ELISA)
The concentrations of tumor necrosis factor α (TNF-α), IL-1β, IL-1β, IL-18, lactate dehydrogenase (LDH), vascular 
endothelial growth factor (VEGF), superoxide dismutase (SOD), and malondialdehyde (MDA) were detected using 
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ELISA kits (Eusebio, Shanghai, China), following the instructions of manufacturer. The optical density was noted at 450 
nm, and then the concentration was determined according to the standard curve.

Quantitative real-time polymerase-chain reaction (qRT-PCR)
After being extracted with TRIZOL regent, the RNA was diluted with ultra-pure water with enzyme-free. An ultraviolet 
spectrophotometer was used to measure the concentrations of RNA. For further analysis, samples with an OD260/OD280 
ratio of between 1.9 and 2.0 were chosen for analysis. The Hiscript II QRT Supermix for qPCR reverse transcription kit 
(VazymE, Nanjing, China) was utilized to synthesize the cDNA by reverse transcription in the PCR amplification apparatus, 
and the reaction procedures were as follows: 25°C for 5 min; 42°C for 30 min; 85°C for 5 s. SYBR Premix Ex Taq 
(#RR420A; Takara, Otsu, Shiga, Japan) was applied for RT-qPCR using ABI7500 quantitative PCR instrument (Applied 
Biosystems, Foster City, CA, USA). The 2−ΔΔCt method was used to examine the obtained Ct values. The GAPDH 
expression level was used to standardize the mRNA levels. The sequence of primers was shown in Table S1.

Cell Culture and Treatment
Human retinal pigment epithelium cell line (ARPE-19; iCell-h020; iCell Bioscience Inc, Shanghai, China) were 
incubated in DMEM/F12 medium (Thermo fisher scientific, Waltham, MA, USA) containing 10% fetal bovine serum 
(Invitrogen) and 1% Penicillin/Streptomycin Solution (Invitrogen) in a 37°C incubator with 5% CO2. ARPE-19 cells 
were divided into control group, high glucose (HG) group, sh-NC group, sh-APAF1 group, and sh-APAF1+Raptinal 
(caspase-3 activator; Selleck Chemicals LLC, Houston, USA) group. ARPE-19 cells were cultured in HG (Sigma; 
25mM) for 48 h to simulate DR in vitro, and ARPE-19 cells in control group were cultured in a medium containing 
normal glucose (5.5 mM) as a control. Lipofectamine 3000 Reagent (Thermo fisher scientific) was applied to perform 
cell transfection in sh-NC group, sh-APAF1group, and sh-APAF1+Raptinal group, following the instruction. 
Additionally, the cells in Raptinal group and sh-APAF1+ Raptinal group were treated with Raptinal (5 μM) for 24 h.

Cell Counting Kit-8 (CCK-8) Assay
Cell viability was measured using CCK-8 kit (Biosharp, Beijing, China) following the instructions of manufacturer. 
Briefly, ARPE-19 cells (1×104/well) were seeded in a 96-well plate and cultured in an incubator for 24 h. Cells were 
cultured with CCK-8 reagent for 2 h, and the optical density at 450 nm was then measured under a microplate reader.

Flow Cytometry
The apoptosis rates in ARPE-19 cells were detected using flow cytometry analysis with an Annexin V-FITC/PI Apoptosis 
kit (Share Bio, Shanghai, China). For Annexin V/PI staining, cells were resuspended with Annexin V labeled FITC 
(5 µL) and incubated for 5 min. Subsequently, proprium iodide solution (10 µL) containing RNase and 400 µL of phosphate 
buffered saline were added and completely mixed. Apoptosis of cells was detected and analyzed by a flow cytometry.

Western Blot
Tissue proteins were obtained using RIPA lysis buffer (Biosharp). Protein concentrations were quantified by the Pierce 
Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific). The proteins were transferred to the polyvinylidene 
fluoride membrane after being separated with a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and 
sealed in 5% skim milk and then incubated with primary antibody at 4°C overnight. All the primary antibodies we used 
were as follows: anti-APAF1 (1:2000; Abcam, Cambridge, UK), anti-clv-caspase-3 (1:2000; Abcam), anti-pro-caspase-3 
(1:2000; Abcam), anti-N-GSDME (1:2000; Abcam), and anti- GAPDH (1:1000, Abcam). The membranes were then 
incubated with horseradish peroxidase-labeled goat anti-rabbit IgG antibody (1:5000; Abcam) for 1 h. The bands were 
examined using Tanon 5200 Automatic chemiluminescence image analysis system (Shanghai, China). Enhanced 
chemiluminescence solution was applied for color development to observe images.
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Statistical Analysis
All data analysis was performed by GraphPad Prism 7.0 software and expressed in the form of mean ± standard 
deviation. t-tests and One-Way ANOVA were employed for comparisons between two or more groups, respectively. 
Following the ANOVA analysis, the Tukey’s multiple comparisons test was conducted, and P <0.05 showed statistically 
significant differences.

Results
DEGs Analysis
In this study, GSE60436 gene expression profile dataset was selected. There were 3 normal retinal samples (Control) and 
3 proliferative DR samples (DR) in GSE60436 dataset. Total 2924 DEGs were determined in GSE60436 dataset, among 
which 1439 DEGs were up-regulated and 1485 DEGs were down-regulated. Cluster analysis of DEGs in the dataset was 
performed to obtain the DEGs volcano map (Figure 1A). After normalization and removal of batch effects, the data 

Figure 1 Differentially expressed genes (DEGs) identification. (A) Volcano plots of DEGs in GSE60436; the abscissa is log2FoldChange, and the ordinate is -log10. Red dots 
represent up-regulated DEGs, and blue dots represent down-regulated DEGs. (B) Box plots of the data normalization results for the dataset samples. (C) Heat map of 
DEGs. (D) Venn diagram of DEGs. The number in each circle represents the number of DEGs in the dataset, and the overlapping part of the circle represents the common 
DEGs between GSE60436 and pyroptosis-related gene dataset.
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correction results of 6 samples in the GSE60436 dataset were presented in box plot (Figure 1B). The top 25 DEGs with 
the most significant differential expression were exhibited in heat map (Table S2) (Figure 1C). According to the heat 
map, the samples were clustered well with high confidence. Venn diagram suggested that total 71 pyroptosis-related 
DEGs of DR were determined (Figure 1D).

GO and KEGG Analysis
The enrichment results were mainly divided into 3 categories: molecular function (MF), biological process (BP), and 
cellular component (CC). The top 6 significantly enriched GO terms of each category were displayed in the GO 
enrichment bubble chart (Figure S1A). The DEGs in MF were in “identical protein binding”, “protein binding”, 
“protease binding”, “peptidase activity”, “cysteine-type endopeptidase activity involved in apoptotic signaling path-
way”, “serine-type endopeptidase activity”, etc. The DEGs in BP were significantly enriched in “pyroptosis”, 
“inflammatory”, “immune response”, “apoptotic process”, “positive regulation of interleukin-1”, and “beta production 
response to hypoxia”, etc. The DEGs in CC were mainly enriched in “extra cellular region”, “extra cellular space”, 
“macromolecular complex”, “membrane raft”, “NLRP3 inflammasome complex”, and “plasma membrane”, etc. We 
selected the top 10 significantly enriched pathways with the minimum p-value, as shown in the KEGG enrichment 
bubble chart (Figure S1B).

PPI Network Construction and Hub Gene Analysis
PPI network based on DEGs was established using Search Tool for the Retrieval of Interacting Genes database (Figure S2). 
The PPI network model was visualized and 6 highly interconnected clusters were identified in the PPI network of DEGs as 
potential functional molecular complexes in DR. Hub genes (BIRC2, CXCL8, APAF1, PPARG, CYCS, TP53) were 
screened out from module 1 (Figure 2A). The expression data of hub gene in the original sample of GSE60436 was 
screened out, and the expression ridge map was drawn to show the expression of hub genes in GSE60436 dataset 
(Figure 2B). PCA analysis showed that the total variance explained rate of PC1 and PC2 was 95.4%, suggesting that the 
hub genes could distinguish between the DR samples from control samples. The scatter plot (PC1 and PC2 as the horizontal 
and vertical coordinates) suggested that the samples of DR and normal control had a good separation, further confirming the 
validity of PC1 and PC2, which could be used as the basis for distinguishing the samples of the control group and the model 
group (Figure 2C). In addition, the GO enrichment chord diagram showed the relationship between proteins and pathways 
and indicated the alteration of functional pathways (Figure 2D).

The Expression of Hub Genes in DR Model
As shown in HE images, cells in retinal tissue of the control mice were arranged neatly and loosely, and no inflammatory 
cell infiltration was observed (Figure 3A). The inflammatory cells in retinal tissue of DR mice significantly increased, 
while the normal cells significantly reduced, and the nuclei were concentrated and solidified. Compared to the control 
group, the levels of TNF-α, IL-1 β, and IL-18 in mice of DR group significantly increased (Figure 3B). The concentra-
tions of VEGF and MDA in model group were significantly increased, while the SOD levels were decreased, compared 
to the control group (Figure 3C).

Compared to the control group, the mRNA expression levels of BIRC2, CXCL8, APAF1, PPARG, and TP53 in the DR group 
were apparently up-regulated, whereas the mRNA expression level of CYCS was significantly down-regulated (Figure 4).

APAF1 Silencing Inhibits Caspase-3/GSDME-Dependent Pyroptosis and Alleviates 
Retinopathy in Diabetes Mice
The Western blot results suggested that compared to the control group, mice in the DR group showed significantly higher 
expression levels of APAF1, clv-caspase-3, and N-GSDME. There was no significant difference in the expression levels 
of APAF1, clv-caspase-3, and N-GSDME in the Lv-sh NC group, compared to the DR group, while the expression of 
APAF1, clv-caspase-3, and N-GSDME in the Lv-sh APAF1 group was significantly decreased (Figure 5A). HE staining 
suggested that compared with the DR group, the mice in Lv-shAPAF1 group had orderly arrangement of cells in retinal 
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tissue and a decrease of inflammatory cells (Figure 5B). Compared with the Lv-sh NC group, the concentrations of TNF- 
α, IL-1 β, and IL-18 in Lv-shAPAF1 group were significantly reduced (Figure 5C). Additionally, the concentrations of 
VEGF and MDA were apparently lower in Lv-sh APAF1 group than those of Lv-sh NC group, while the SOD activity in 
Lv-sh APAF1 group was significantly enhanced, compared with the Lv-sh NC group (Figure 5D).

APAF1 Silencing Promotes Proliferation and Inhibits Apoptosis in HG-Induced 
ARPE-19 Cells
Compared to the control group, the mRNA expression level of APAF1 in the HG group significant up-regulated 
(Figure 6A). The expression levels of sh-APAF1-1, sh-APAF1-2, and sh-APAF1-3 were significantly decreased, 
compared to the HG group. Compared to the control group, the cell viability of the HG group was considerably inhibited 
(Figure 6B). Relative to the sh-NC group, the cell viability in sh-APAF1 group was significantly promoted. Furthermore, 

Figure 2 Hub gene analysis. (A) Hub genes identified from protein–protein interaction network. (B) Gene ridge plot. The x-axis represents gene expression levels, and the 
shape of the ridges represents the distribution of data within each group, with the height indicating the number of samples corresponding to the gene expression level. (C) 
Principal component analysis plot. The coordinates PC1 and PC2 represent the first and second principal components (ie, latent variables explaining the differences). Points 
represent samples, and different colors represent different groups. (D) Gene Ontology (GO) pathway diagram, consisting of three parts: genes, LogFold Change 
(representing the fold change of genes for sorting and color-coding gene blocks), and GO terms. Different connections between genes indicate their involvement in 
specific GO terms.
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Figure 3 Assessment of diabetic retinopathy (DR) model (N=6). (A) Representative images of hematoxylin and eosin (HE) staining (Amplification: 200×, Scale: 100 μm). The 
arrows point to the inner nuclear layer cells. The number of inner nuclear layer cells in the model group sparser than that in control group. (B) The concentrations of tumor 
necrosis factor α (TNF-α), interleukin-1β (IL-1β), and interleukin-18 (IL-18) were detected using enzyme-linked immunosorbent assay (ELISA). (C) The concentrations of 
vascular endothelial growth factor (VEGF), superoxide dismutase (SOD), and malondialdehyde (MDA) were detected using ELISA. **P<0.01 vs control group.
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compared with the control group, cell apoptosis in the HG group was significantly promoted, while the cell apoptosis in 
the sh-APAF1 group was significantly inhibited, compared with the sh-NC group (Figure 6C).

APAF1 Silencing Inhibits Caspase-3/GSDME-Dependent Pyroptosis in HG-Induced 
ARPE-19 Cells
Relative to the control group, the expression levels of APAF1, clv-caspase-3, and N-GSDME in HG group were 
significantly increased. The expression levels of APAF1, clv-caspase-3, and N-GSDME in sh-APAF1 group were 
considerably lower than those in sh-NC group (Figure 7A). The concentrations of TNF-α, IL-1β, IL-18, and LDH in 
HG group were apparently higher than those in control group. Compared to sh-NC group, the concentrations of TNF-α, 
IL-1β, IL-18, and LDH in sh-APAF1 group were significantly reduced (Figure 7B and C).

APAF1 Silencing Promotes Proliferation and Inhibits Apoptosis in HG-Induced 
ARPE-19 Cells via Suppressing Caspase-3/GSDME-Dependent Pyroptosis
Relative to the HG group, the treatment of Raptinal caused an increase in the expression of clv-caspase-3 and N-GSDME, 
while the expression levels of clv-caspase-3, and N-GSDME were significantly decreased in the sh-APAF1 group. 
Compared with the sh-APAF1 group, the expression of clv-caspase-3 and N-GSDME in sh-APAF1+Raptinal group 
significantly increased (Figure 8A). The viability of cells in the Raptinal group was significantly inhibited, while the 
viability in the sh-APAF1 group was significantly promoted, compared to the HG group. Compared with the sh-APAF1 
group, cell viability in the sh-APAF1+Raptinal group showed a significant decrease (Figure 8B). The flow cytometry results 
showed that compared to the HG group, the Raptinal promoted cell apoptosis, while the apoptosis in sh-APAF1 group was 
significantly inhibited. And the apoptosis rate in the sh-APAF1+Raptinal group was significantly higher than that in the sh- 
APAF1 group (Figure 8C). The ELISA results showed that the concentrations of TNF-α, IL-1 β, IL-18, and LDH were 
significantly higher in the Raptinal group, while the concentrations of TNF-α, IL-1 β, IL-18, and LDH in sh-APAF1 group 
significantly decreased, compared with the HG group. Relative to the sh-APAF1 group, the concentrations of TNF- α, IL-1 
β, IL-18, and LDH in sh-APAF1+Raptinal group were significantly elevated (Figure 8D–E).

Figure 4 The mRNA expression levels of BIRC2, CXCL8, APAF1, PPARG, TP53, CYCS in tissues were detected by quantitative real-time polymerase chain reaction (qRT- 
PCR). (N=6), **P<0.01 vs control group.
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Discussion
Currently, DR is regarded as a chronic inflammatory disease, whose pathogenesis is closely related to pyroptosis.25 Here, 
we identified BIRC2, CXCL8, APAF1, PPARG, TP53, and CYCS as the hub genes of DR, which were significantly 
differentially expressed in DR mice, compared to the normal mice. APAF1 was selected as a key gene of our study. 
APAF1 was up-regulated in the DR model. Additionally, in vitro model, we found that silencing of APAF1 promoted the 
proliferation while inhibiting apoptosis in HG-induced cells. Notably, silencing of APAF1 suppressed caspase-3/ 
GSDME-dependent pyroptosis. And Caspase-3 activator could reverse the promotion effect of APAF1 silencing on 
proliferation and inhibitory effect on apoptosis and pyroptosis in HG-induced ARPE-19 cells.

Bioinformatics analysis has been widely applied to explore key pathogenic factors and potential therapeutic targets in 
DR and other diabetic complication.26–28 In the present research, we identified 6 pyroptosis-related genes as the hub 
genes of DR based on the GSE60436 dataset, which were significantly differentially expressed in DR mice. After 
bioinformatics analysis and construction of TNF-α protein interaction network, BIRC2 is found to be a new biomarker 
involved in the pathogenesis of type 2 diabetes mellitus mediated by tumor necrosis factor.29 By comparing humoral 
adipokines between 37 patients with DR and 29 patients without DR, the expression level of CXCL8 in the DR group is 
significantly higher than that in the non-DM group.30 APAF1 is highly expressed in the retina of DR mice, which is 
determined by immunofluorescence.31 By using gene-specific PCR and direct sequencing to examine polymorphisms in 

Figure 5 The effect of APAF1 on DR mice. (A) Western blot detected the expression of APAF1, pro-caspase-3, clv-caspase-3, and N-GSDME in DR mice. (B) 
Representative images of HE staining (Amplification: 200×, Scale: 100 μm). (C) The concentrations of TNF-α, IL-1β, IL-18 were detected using ELISA. (D) The 
concentrations of VEGF, SOD, and MDA were detected using ELISA. **P<0.01, vs control group; ##P<0.01 vs Lv-sh NC group.
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all pairs of samples from 211 type 2 diabetic, 205 obese, and 254 control individuals, it has been reported that the 
PPARG’s novel polymorphism A-2819G is linked to type 2 diabetes and proliferative retinopathy in diabetic women.32 

Based on microarray expression profile GSE60436 dataset and autophagy-related DEGs in fibrovascular membrane and 
normal retina, TP53 is identified as a hub gene that is significantly up-regulated in vitro hyperglycemia models.33 Based 
on molecular signature database and GO database, CYCS is one of the focused genes associated with pyroptosis in 
diabetic nephropathy.34 Taken together, BIRC2, CXCL8, APAF1, PPARG, TP53, and CYCS are the promising hub 
genes, which exert an important role in DR.

Figure 6 APAF1 silencing promotes proliferation and inhibits apoptosis in high glucose (HG) ARPE-19 cells. (A) The mRNA expression of APAF1 was detected by qRT-PCR. 
(B) Cell counting kit-8 (CCK-8) was used to detect cell viability. (C) Flow cytometry was used to detect apoptosis rate. **P<0.01, vs control group; ##P<0.01 vs Lv-sh NC 
group.

Figure 7 APAF1 silencing inhibits caspase-3/GSDME-dependent pyroptosis in HG-induced ARPE-19 cells. (A) Western blot detected the protein expression of pro-caspase-3, 
clv-caspase-3, and N-GSDME. (B) The levels of TNF-α, IL-1β, IL-18 were detected by ELISA. (C) ELISA kit detected the concentration of lactate dehydrogenase. **P<0.01, vs 
control group; ##P<0.01 vs sh-NC group.
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APAF1 has been reported in various diabetes-related diseases. For example, diosgenin inhibits mitochondrial 
apoptosis via down-regulating the expression of APAF1, thus alleviating diabetic nephropathy.35 Piperine can suppress 
the expression of APAF1 in brain tissue and improve the memory of diabetic rats.36 Additionally, in DR mice, Xiao Bopi 
inhibits angiogenesis and apoptosis via down-regulating the expression of APAF1.31 We discovered that APAF1 was up- 
regulated in the DR model and APAF1 silencing improved retinopathy in diabetic mice. Additionally, silencing of 
APAF1 promoted the proliferation while inhibiting apoptosis in HG-induced cells. In brief, silencing APAF1 is 
a potential therapeutic target for DR.

GSDME can activate APAF1 by permeating mitochondria and releasing cytochrome c, and offer positive feedback on 
caspase-3 activation and GSDME cleavage, thus mechanistically associating the activation of inflammasome-mediated 
pyroptosis with apoptosis.37 The abnormal accumulation of retina is related to caspase-3/GSDME-mediated pyroptosis of 
retinal pigment epithelium cells.38,39 In serum albumin-induced DR, inhibition of caspase-1 can suppress pyroptosis by 
decreasing GSDMD and inhibiting the release of IL-1β, IL-18, and LDH.40 Moreover, down-regulation of lipid carrier 
protein 2 significantly inhibits caspase-1-mediated cell migration, invasion, angiogenesis, and pyroptosis, thus suppressing 
the progression of DR.41 Additionally, the expression levels of caspase-1 and NLRP3 in ARPE-19 cells are decreased after 
knockdown of circular RNA ZNF532, thereby inhibiting pyroptosis.42 The expression levels of APAF1, caspase, and 
GSDME are decreased after Schisandrin B pretreatment of hepatocytes, and the non-classical pyroptosis induced by 
APAF1 inflammasome is inhibited.43 In our research, silencing of APAF1 suppressed caspase-3/GSDME-dependent 
pyroptosis in DR mice. Raptinal reversed the promotion effect on proliferation and inhibitory effect on apoptosis and 
pyroptosis of APAF1 silencing in HG-induced ARPE-19 cells. Studies have reported that APAF1 activation recruits and 

Figure 8 Raptinal reverses the effect of APAF1 silencing on HG-induced ARPE-19 cells. (A) Western blot detected the protein expression of pro-caspase-3, clv-caspase-3, 
and N-GSDME. (B) CCK-8 was used to assess cell viability. (C) Flow cytometry was used to detect apoptosis. (D) The levels of TNF-α, IL-1β, IL-18 were detected by ELISA. 
(E) ELISA kit detected the concentration of lactate dehydrogenase. **P<0.01, vs HG group; ##P<0.01 vs sh-APAF1 group.
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activates caspase-4/11, and activated Caspase-4/11 in APAF1 pyroptosis cleaves caspase-3, which further activates GSDME 
to initiate pyroptosis.44 All in all, silencing of APAF1 alleviates DR via inhibiting caspase-3/GSDME-mediated pyroptosis.

This study still has some limitations. Firstly, the regulatory mechanisms of APAF1 involving the caspase-3/GSDME- 
dependent pyroptosis are not explored in depth. Additionally, due to the limited samples and experimental equipment, the 
present study lacked the detection of phenotype in DR. Finally, more experiments are needed to explore the role of 
APAF1 rescue and overexpression in DR based on in vitro and in vivo experiments. We will improve the laboratory 
equipment and conditions to complete more experiments and refine our research in the future.

Conclusion
Taken together, we determined that APAF1 was a promising gene signature for diagnosis and treatment of DR. APAF1 
silencing could alleviate retinopathy in DR mice. Furthermore, APAF1 silencing promoted proliferation, while inhibiting 
apoptosis with a decrease in TNF-α, IL-1β, IL-18, and LDH in HG-induced ARPE-19 cells via suppressing caspase-3/ 
GSDME-dependent pyroptosis. APAF1 silencing can alleviate DR via inhibiting caspase-3/GSDME-dependent pyrop-
tosis. Our findings provided a new insight into pathogenesis of DR, which can help us understand the underlying 
mechanism associated with DR and offer initial evidence for more effective molecular therapeutic targets.
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