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Background: Diabetic retinopathy (DR) is a major complication of diabetes leading to severe visual impairment. PANoptosis, a pro-
inflammatory programmed cell death (PCD), has emerged as a potential pathological mechanism. This study aimed to elucidate the
role of membrane protein-mediated PANoptosis in key cell populations during DR progression and to screen for coregulated genes
with therapeutic potential.

Methods: We integrated rat single-cell (scRNA-seq) and human bulk transcriptomes to identify differentially expressed PANoptosis-
related genes (DE-PRGs). Single-sample gene set enrichment analysis (ssGSEA) was used to score PANoptosis activity, and CellChat
was employed to examine ligand-receptor communications. Key cell subpopulations were characterized, and a protein-protein
interaction (PPI) network was constructed to identify hub genes. Drug targets were predicted via the DGIDB database. Key findings
were validated in a DR rat model and high-glucose-treated retinal Miiller cells (RMC-1) using qRT-PCR, Western blotting, cell death
assays, and siRNA-mediated PSAP knockdown.

Results: We identified 27 DE-PRGs enriched in TNF, PCD, and p53 signaling pathways. Miiller cells exhibited significantly elevated
PANoptosis scores in the DR group. Intercellular communication analysis indicated that Miiller cells transmit pro-apoptotic signals via
the PSAP-GPR37 ligand-receptor axis. Sub-clustering identified “Miiller2” as the key pathogenic subpopulation, characterized by high
PSAP-GPR37 expression. Ten hub genes were screened, yielding 26 potential drug targets. Validation confirmed the downregulation of
DLG4 and the upregulation of FN1, EMP3, PDGFRf, and PSAP in DR models. In vitro, high glucose induced cell death and
upregulated PANoptosis markers (NLRP3, cleaved caspase-8, and the p-MLKL/MLKL ratio). Notably, siRNA-mediated PSAP
knockdown effectively attenuated the high glucose-induced elevation of these PANoptosis proteins.

Conclusion: Integrating single-cell and bulk transcriptomics, this study suggests Miiller cells—specifically the Miiller2 subpopulation
—as central drivers of PANoptosis in DR via PSAP-GPR37 signaling. Furthermore, the identified hub genes and PSAP provide
a theoretical basis for precise, cell-subpopulation-specific intervention strategies.
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Introduction

Diabetic retinopathy (DR) is a prevalent microvascular complication of diabetes mellitus that contributes significantly to
vision loss among working-age populations worldwide.! The occurrence and development of DR are latent and not easily
detected, and when vision is impaired, it is often past the optimal time for diagnosis and treatment.” The pathogenesis of DR is
multifaceted, involving three interconnected aspects: microangiopathy, inflammatory response, and neurodegeneration.>
A multitude of cellular and molecular alterations, including but not limited to endoplasmic reticulum stress, oxidative stress,
glutamate toxicity, autophagy, and apoptosis, have been identified as contributing factors to retinal neurological dysfunction,

vascular structural abnormalities, pathologic neovascularization, and persistent inflammatory response.’ ® At present, the
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underlying mechanisms of DR remain incompletely understood, and therapeutic options remain inadequate. Consequently,
further investigation into the pathogenesis of DR is imperative, with the identification of novel biomarkers for diagnosis and
the characterisation of pharmacological compounds for targeted therapy being key objectives.

Recently, PANoptosis has emerged as a novel, highly pro-inflammatory programmed cell death (PCD) pathway,
governed by a supramolecular complex known as the PANoptosome. Unlike traditional models that view apoptosis (a
generally non-inflammatory, caspase-dependent process), pyroptosis (an inflammasome-driven inflammatory death), and
necroptosis (an MLKL-mediated lytic death) as isolated and mutually exclusive pathways, PANoptosis represents
a significant paradigm shift.” The defining characteristic that differentiates PANoptosis from these individual pathways
is its built-in redundancy and extensive molecular crosstalk. Evidence suggests that inhibiting a single death pathway
often fails to halt cellular demise, as cells can engage compensatory death mechanisms. Therefore, PANoptosis integrates
these multiple modalities into a unified network, providing a more comprehensive representation of cellular death under
severe stress.'®!! Upstream sensor molecules, including ZBP1, RIPK1, and AIM2, are capable of sensing pathogens or
injury signals, thereby triggering a synergistic activation of downstream effector molecules.'*'?

Evidence suggests that hyperglycemia contributes to the pathological basis of cell death by increasing levels of
reactive oxygen species (ROS) and advanced glycation end products (AGEs). This hyperglycemic environment induces
mitochondrial dysfunction in retinal cells and activates molecular triggers associated with the PANoptosome.'*'> While
the critical involvement of PANoptosis has recently been recognized in other diabetic complications—such as diabetic

nephropathy and cardiomyopathy'®!”

—its specific pathophysiological role and regulatory network in diabetic retino-
pathy (DR) remain a largely unexplored and highly novel frontier. Preliminary studies have only just begun to unveil the
existence of PANoptosis in DR,'® indicating that targeting this integrated pathway offers a superior, multi-pronged
therapeutic strategy compared to traditional single-pathway inhibitors.

Despite this conceptual breakthrough, a critical knowledge gap remains. The specific retinal cell populations driving
this integrated PANoptotic network and the critical intercellular communication pathways—particularly membrane
receptor-ligand interactions—mediating this process in DR are entirely elusive. Furthermore, core regulators with cell-
type-targeting potential lack rigorous functional validation.

To bridge this gap, we employed a systematic approach integrating transcriptomics with experimental validation to
elucidate the mechanisms of DR. This identification process utilized a foundational list of PANoptosis genes compiled
from the Gene Expression Omnibus (GEO) database in NCBI and relevant literature. We identified key cell populations
using single-cell transcriptome analysis and subsequently performed cell communication analysis to elucidate membrane
protein-mediated ligand-receptor interactions. After subdividing the cellular subpopulations, we constructed a protein-
protein interaction (PPI) network from bulk data to screen for hub genes and predict potential target drugs. Finally, we
validated the expression of these key hub genes in a DR animal model and performed in vitro assays to preliminarily
explore the association between the identified PSAP-GPR37 axis and core PANoptotic marker proteins in retinal Miiller
cells. This study provides a novel foundation for elucidating the molecular mechanisms of PANoptosis in DR and offers
potential biomarkers and drug targets for precise therapeutic intervention.

Materials and Methods

Data Sources and Workflow

The single-cell transcriptome data (scRNA-seq) used in this study were obtained from the GEO database. This dataset
(GSE209872) originates from a DR rat model and includes two control samples and three disease group samples. The
specific samples analyzed were the WT control group (GSM6403184) and the DR group (GSM6403185, GSM6403186,
and GSM6403187). We also obtained two bulk transcriptome datasets from GEO: GSE60436, comprising microarray
data from six PDR patients and three normal controls; and GSE102485, containing RNA-seq count data from 22 DR
patients and three normal controls. These specific datasets were carefully selected based on their disease relevance,
completeness for cross-scale integration, and explicit clinical or experimental groupings. Specifically, GSE209872
directly corresponds to the DR rat model, providing a foundation for single-cell clustering and PANoptosis scoring.
GSE60436 and GSE102485 provide robust human bulk transcriptomic data with clear DR versus control groupings,
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serving as ideal validation cohorts to cross-verify our single-cell findings at the disease level. Other available datasets
were excluded to minimize potential batch effects and phenotypic biases arising from disparate sequencing platforms,
missing annotation information, or inconsistent clinical criteria.

We compiled a set of 675 PANoptosis-related genes (PRGs) based on a literature review.'? It should be noted that
human-derived data were utilized exclusively as functional annotation gene sets rather than for direct disease transcrip-
tome comparisons. These human genes were then converted to their rat orthologs using the homologene package (version
1.4.68.19) to facilitate downstream mechanistic inferences. The human membrane protein gene set was obtained from the
Human Proteome Database.?® This list was subsequently converted to the rat ortholog set using the same method, which
was strictly utilized for screening membrane-bound ligand-receptor pairs in our subsequent cellular communication
analyses.

Analysis of Differences in the Bulk Transcriptome Datasets

We performed differential expression analysis on the bulk transcriptome datasets. Prior to the analysis, low-expressed
genes were systematically filtered out, and samples with clinical groupings inconsistent with the primary diabetic
retinopathy (DR) phenotype were strictly excluded to manage potential data inconsistencies and analytical outliers.
The GSE60436 dataset was analyzed using the limma package (version 3.58.1), while the GSE102485 dataset was
analyzed using the DESeq2 package (version 1.42.1). Differential genes were screened under the following conditions:
(FDR < 0.05, [log2FC| > 1.5). The resulting differentially expressed genes (DEGs) were intersected with the rat
PANoptosis gene set to identify the DE-PRGs, and the results were visualized as a Venn diagram using the ggvenn
package (version 0.1.10). Subsequently, these intersecting genes were subjected to functional enrichment analysis using
the clusterProfiler package (version 4.10.1). During the pathway enrichment process, specific KEGG species annotation
settings were applied to map genes to the human pathway database, thereby leveraging its superior coverage and database
completeness.

Single-Cell Clustering and Annotation

The scRNA-seq data from GSE209872 were processed using a standard pipeline, including filtering, quality control,
normalization, dimensionality reduction, and clustering. These steps were performed using the Seurat package (version
4.4.0). Initially, data were filtered using the CreateSeuratObject function, retaining cells with at least 200 detected
features (genes) and features expressed in at least 3 cells (min.features = 200, min.cells = 3). To comprehensively manage
potential data inconsistencies and analytical outliers, we applied strictly defined thresholds: cells were retained only if
they possessed detected features between 200 and 5000, and total UMI counts between 200 and 15,000. The
PercentageFeatureSet function was used to calculate mitochondrial and ribosomal gene scores based on their respective
gene sets. Subsequently, cells with mitochondrial or ribosomal gene scores exceeding 25% were excluded from further
analysis. (Note: The GSM6403183 sample was entirely excluded after initial QC and batch evaluation due to exception-
ally poor quality metrics. Consequently, a total of four robust samples were included: one WT control (GSM6403184)
and three DR samples (GSM6403185, GSM6403186, and GSM6403187)). After applying these rigorous QC filters,
a total of 43,527 high-quality cells (33,946 from the DR group and 9581 from the WT group) were retained.

Although explicit computational doublet removal algorithms were not applied, downstream unsupervised clustering
revealed clear canonical marker expression profiles for distinct cell types (eg, Rod, Miiller, BC, AC, Endothelial,
Pericyte, Microglia, Cone, and ACHC) without difficult-to-explain mixed-lineage clusters or abnormal co-expression
of markers, indicating that potential doublets did not confound our primary cell-type annotations. To rigorously eliminate
technical batch effects prior to integration, data from each sample were initially split and individually normalized
(NormalizeData) and scaled (ScaleData), during which we explicitly corrected for sequencing depth variations and
regressed out mitochondrial signals to further manage cellular-level inconsistencies. The top 2000 highly variable genes
for each specific sample were identified for principal component analysis (PCA). Subsequently, we employed Seurat’s
canonical correlation analysis (CCA) pipeline (FindIntegrationFeatures, FindIntegrationAnchors, and IntegrateData) to
mitigate batch effects and create an integrated, batch-corrected expression matrix.
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An elbow plot was generated to determine the optimal number of principal components (PCs). Based on the plot, the
top 45 PCs (preceding the inflection point) were selected for subsequent analysis. Subsequently, unsupervised clustering
was performed on the batch-corrected data using the FindNeighbors and FindClusters functions. The optimal resolution
was determined using the clustree function; a resolution of 0.6 was selected for this analysis, yielding 32 clusters.
Uniform Manifold Approximation and Projection (UMAP) was used for visualization of the clustering results. Cells were
manually annotated based on canonical marker genes obtained from the CellMarker database and relevant literature.'>
Furthermore, any cell clusters that could not be stably and reliably annotated were systematically excluded from
subsequent downstream analyses. The proportions of each annotated cell type were calculated and visualized as bar
charts using the ggplot2 package.

|dentification of Key PANoptosis Cells

Using the previously identified DE-PRGs, we calculated a PANoptosis score for each cell via the single-sample gene set
enrichment analysis (ssGSEA) algorithm. We utilized UMAP to visualize the distribution of these PANoptosis scores and
subsequently performed a differential analysis of the scores between the DR and control groups. Cell populations
exhibiting significant score differences between the two groups were defined as “key PANoptosis cells.” Subsequently,
cells were stratified into “PANoptosis-high” and “PANoptosis-low” groups based on the median score. Finally, we used
the ggplot2 package to statistically analyze and visualize the proportions of these two groups as bar charts, illustrating
their distributional differences.

Cell Communication Analysis

Intercellular communication relies on the specific binding of ligands to receptors, which in turn activates downstream
signaling pathways. A systematic analysis of these ligand-receptor interaction networks is imperative for elucidating
complex cellular behaviors and biological processes. We employed the CellChat package to predict and compare cellular
communication differences between the “PANoptosis-high” and “PANoptosis-low” score groups. From the identified
differential ligand-receptor pairs, we selected those involving membrane proteins as key targets for this study. We then
systematically evaluated the expression profiles of these corresponding membrane ligands and receptors across all cell
subpopulations.

Analysis of Key PANoptosis Cell Subpopulations

To further analyze the heterogeneity of the key PANoptosis cell populations, we performed secondary dimensionality
reduction and clustering on these cells to delineate functionally distinct subpopulations. Subsequently, we used the
FindAllMarkers function in Seurat (parameters: min.pct = 0.2, only.pos = TRUE, and logfc.threshold = 0.5) to identify
specific positive marker genes for each subpopulation via a “one-vs-rest” strategy. Finally, we performed functional
enrichment analysis on these marker genes using the clusterProfiler package (version 4.10.0). Core PANoptosis
subpopulations were identified based on the significant enrichment of apoptosis-related pathways in their marker genes.

|dentifying Potential Gene Therapies Targeting Key Subtypes of PANoptosis Mediated

by Membrane Proteins

Using the GSE102485 bulk transcriptome dataset, we first calculated sample scores via the ssGSEA algorithm based on
the signature genes from the key PANoptosis subpopulation. Samples were then stratified into PANoptosis-high and low-
score groups based on the median score. We identified DEGs between these two groups using the DESeq2 package
(version 1.42.0) with cutoff criteria of |log,FC| > 2 and FDR < 0.05. Subsequently, we used these DEGs to construct
a PPI network via the STRING database (https://cn.string-db.org/), from which hub genes were identified. We then
predicted potential drug-gene interactions using the DGIDB database (https://dgidb.org/). Additionally, we employed the

CIBERSORT algorithm to evaluate the infiltration proportions of 22 immune cell types in the samples.
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Validation of PANoptosis-Related Genes and Hub Genes in DR Rat Retinal Tissue
Animal Models

The animal experiments conducted as part of this project were partially carried out in accordance with the ARVO
Statement on the Use of Animals in Ophthalmic and Vision Research, and were approved by the Ethics Committee of the
Affiliated Eye Hospital of Nanchang University. Twenty male Sprague Dawley rats (average weight: 220 + 20 g) were
procured from Changsha Tiangin Biotechnology Co. Ltd. The rats were randomly divided into a normal control group
(Ctrl; n = 10) and a diabetes mellitus (DM) model group (DM; n = 10). To induce diabetes, rats in the DM group received
a single intraperitoneal (i.p.) injection of streptozotocin (STZ; S8050, Solarbio) at 60 mg/kg, dissolved in 0.1 mM sodium
citrate buffer (pH 4.5). Control rats received an equivalent volume of sodium citrate buffer. Random blood glucose levels
were measured 72 hours post-injection; successful modeling was defined as a blood glucose level exceeding 16.7 mM.
The rats were euthanized 12 weeks after DM induction. Retinal tissues and the eye samples were collected immediately

following cervical dislocation.

Histological Examination (H&E Staining)

To evaluate retinal morphological alterations, hematoxylin and eosin (H&E) staining was performed. Briefly, enucleated
rat eyes were paraffin-embedded and sagittally sectioned at a thickness of 3 um. After baking at 85°C for 30 min, the
sections were deparaffinized in xylene and rehydrated through a decreasing ethanol series to water. The slides were then
stained with hematoxylin for 3 min, differentiated in 1% acid-alcohol for 2s, and counterstained with eosin for 1 min.
Following rapid dehydration through an increasing ethanol series, the sections were mounted with neutral balsam.
Qualitative histopathological changes, including apparent retinal thinning and structural disorganization, were observed
and photographed using a light microscope to verify the establishment of early-stage diabetic retinopathy.

Real-Time Quantitative Polymerase Chain Reaction (QRT-PCR) Analysis

Total RNA was extracted from retinal tissue using the AG RNAex Pro RNA Extraction Kit (AG 21101) and subsequently
purified using the Steady Pure RNA Extraction Kit (AG 21024), both from ACCURATE BIOTECHNOLOGY
(HUNAN) CO., LTD. (Changsha, China). The purified RNA was then reverse-transcribed into cDNA using the Evo
M-MLV RT PreMix Kit (AG 11728, ACCURATE BIOTECHNOLOGY). The qPCR amplification was performed using
the SYBR Green Pro Taq HS qPCR kit (AG 11701, ACCURATE BIOTECHNOLOGY), and fluorescent signals were
collected and analyzed during the exponential amplification phase. All reactions were performed in triplicate, and the
results were analyzed from three independent experiments. The primer sequences used in this study are listed in Table 1,

with B-actin serving as the internal reference.

Table | Primer Name and Sequence

Primer Name Primer Sequences

DLG4-Forward primer 5'-CCATCGTTCGCCTCTATGTCAT-3'
DLG4-Reverse primer 5-CAATGCTGAAGCCAAGTCCTT-3'

FNI-Forward primer 5-CAAGGCTGGATGATGGTGGA-3'
FNI-Reverse primer 5-CAGACACACTGGAGCAGGTT-3'
EMP3-Forward primer 5-AGCTTCGGCTACTGCTTCG-3'
EMP3-Reverse primer 5-TCATTCTCGTTTCCGCAGGT-3'

PDGFRI-Forward primer | 5-AAGCGGGCTACTATACCATGC-3'
PDGFRI-Reverse primer | 5-TCACTCAGCTCCAGTACACG-3'
PSAP-Forward primer 5-TGTCACCGAAGCTGGGAACT-3’
PSAP-Reverse primer 5-AAGAGTCAACCACCTCCTTGC-3'
B-actin-Forward primer 5-GGAGATTACTGCCCTGGCTCCTA-3’
B-actin-Reverse primer 5-GACTCATCGTACTCCTGCTTGCTG-3'
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Validation of NLRP3, Cleaved Caspase-8, p-MLKL/MLKL and PANoptosis-Related Genes and Hub Genes by
Western Blot

Total protein was extracted from retinal tissue using RIPA lysis buffer supplemented with PMSF (Solarbio, China).
Protein lysates were separated by 10% SDS-PAGE and subsequently transferred onto PVDF membranes. The membranes
were then blocked for 2 hours at room temperature with 5% non-fat milk. The membranes were then incubated overnight
at 4°C with primary antibodies on a shaker. The following primary antibodies were used: NLRP3 (1:1000, WL02635,
Wanleibio), cleaved caspase-8 (1:1000, AF5267, Affinity Biosciences), Phospho-MLKL (1:1000, AF7420, Affinity
Biosciences), MLKL (1:5000, 66675-1-Ig, Proteintech), PDGFRp (1:2000, 13449-1-AP, Proteintech), PSAP (1:1000,
10801-1-AP, Proteintech), DLG4 (1:5000, 30255-1-AP, Proteintech), Fibronectin (1:2000, 15613-1-AP, Proteintech), and
B-actin (1:200000, AC026, Abclonal) The secondary antibody was HRP-conjugated affinipure goat anti-rabbit IgG (H
+L) (1:5000, BA1045, BOSTER). Protein bands were developed using an ECL substrate, detected using an automated
chemiluminescence image analysis system (Tanon-5200 Multi, China), and quantified using ImagelJ software.

Verification of Cell Experiments

Cell Line Selection and Culture Conditions

The rat retinal Miiller cell line (RMC-1; Tong Pai Technology, China) served as an in vitro model to investigate the
mechanisms of PANoptosis, oxidative stress, and the immune response in DR. RMC-1 cells were maintained in low-
glucose DMEM (Sorbio, China) supplemented with 10% fetal bovine serum (FBS; TransGen Biotech, China). Cells
cultured in 5.5 mmol/L glucose served as the normal glucose (NG) control group, while those cultured in 50 mmol/L
glucose served as the high-glucose (HG) group. A mannitol (MA) group (5.5 mmol/L glucose + 44.5 mmol/L mannitol)
was used as an osmotic control to account for the effects of hyperosmolality. Cells in the HG groups were cultured for 24
or 48 hours before analysis.

Cell Viability Assay

Cell viability in the NG, HG, and MA groups was assessed using the Cell Counting Kit-8 (CCK-8; C6005, NCM
biotech). Cells were seeded at a uniform density in 96-well plates and cultured. Subsequently, 10% CCK-8 reagent was
added to the culture medium in each well, and the plates were incubated for 1 hour at 37°C. Absorbance at 450 nm was
measured using a microplate reader (Thermo Scientific).

Reactive Oxygen Species (ROS) Testing

ROS levels in RMC-1 cells were measured using Dihydroethidium (DHE; D7008, Sigma-Aldrich). Following treatment,
cells were incubated with SuM DHE for 20 min at 37°C in the dark, according to the manufacturer’s protocol. Cells were
then harvested (via trypsinization) and analyzed using a DXFLEX flow cytometer (Beckman Coulter). Data were
processed and quantified using FlowJo software (version 10.8.1).

Validation of PANoptosis-Related Genes and Hub Genes by qRT-PCR

Total RNA was extracted from treated RMC-1 cells in each group and subjected to qRT-PCR analysis as described in
Histological Examination (H&E Staining). The primer sequences used for this analysis are listed in Table 1, with B-actin
serving as the internal reference.

Validation of NLRP3, Cleaved Caspase-8, p-MLKL/MLKL and PANoptosis-Related Genes and Hub Genes by
Western Blot

Total protein was extracted from RMC-1 cells using RIPA lysis buffer supplemented with PMSF (Solarbio, China) and
subsequently analyzed by Western blot as described in Real-Time Quantitative Polymerase Chain Reaction (QRT-PCR)
Analysis.

Annexin V-FITC/Pl Apoptosis Assay

The Annexin V-FITC/PI Apoptosis Detection Kit (40302ES50, Yeasen) was used to detect apoptosis in RMC-1 cells.
Following treatment under the corresponding experimental conditions, the culture supernatant was collected. The cells
were washed twice with PBS, detached using 0.25% EDTA-free trypsin, and pooled with the collected supernatant. The
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cell suspension was then centrifuged, and the resulting pellet was washed twice with pre-chilled PBS and resuspended in
1 binding buffer. Subsequently, 5 uL of Annexin V-FITC and 10 pL of PI Staining Solution were added. The cells were
gently mixed and incubated in the dark at room temperature for 10—15 minutes. Finally, the samples were analyzed
within 1 hour using a DXFLEX flow cytometer (Beckman Coulter).

LDH Release Assay

LDH release from RMC-1 cells was measured using an LDH release assay kit (C0019M, Beyotime) according to the
manufacturer’s instructions. After the cells were treated under the corresponding experimental conditions, the culture
supernatants were collected to evaluate LDH efflux. Subsequently, the absorbance at 450 nm was recorded using

a microplate reader.

Cell Death Assay

Cell death was assessed via propidium iodide (PI; C0080, Solarbio) incorporation. In brief, following the corresponding
experimental treatments, a mixture of PI (5 pg/mL) and Hoechst 33342 (10 ug/mL; C0031, Solarbio) was added directly
to the culture medium to stain the dead cells (membrane-compromised) and all cell nuclei, respectively. Fluorescence
images were captured using an Olympus [X71 inverted fluorescence microscope (Olympus Ltd, Tokyo, Japan), and the
collected images were subsequently quantified and analyzed using ImagelJ software.

siRNA-Mediated Knockdown of PSAP in RMC-1| Cells

Cell Culture and siRNA Transfection

RMC-1 cells were seeded at a density of 1x10° cells/well in 6-well plates and cultured in low-glucose DMEM
supplemented with 10% FBS until reaching 30-50% confluence. The cells were transiently transfected with 50 nM of
PSAP-specific small interfering RNA (si-PSAP-1, si-PSAP-2, or si-PSAP-3; Hanbio Biotechnology, China) or a negative
control siRNA (si-NC; Hanbio Biotechnology, China) using the RNAfit transfection reagent (Hanbio Biotechnology)
according to the manufacturer’s protocol. After 6 hours of incubation, the transfection medium was replaced with fresh
complete culture medium, and the cells were cultured for an additional 48 hours. The specific target sequences of the
siRNAs are listed in Supplementary Table S1.

Validation of PSAP Knockdown Efficiency

To evaluate the knockdown efficiency of the three si-PSAP sequences, cells were divided into four groups and cultured in
low-glucose DMEM: si-NC, si-PSAP-1, si-PSAP-2, and si-PSAP-3. At 48 hours post-transfection, total RNA and protein
were extracted and subjected to qRT-PCR and Western blot analyses, as described in Validation of PANoptosis-Related
Genes and Hub Genes by qRT-PCR and Validation of NLRP3, Cleaved Caspase-8, p-MLKL/MLKL and PANoptosis-
Related Genes and Hub Genes by Western Blot, respectively. The si-PSAP sequence exhibiting the highest knockdown
efficiency was selected for all subsequent functional experiments.

Assessment of PANoptosis Levels Following PSAP Knockdown

To validate the functional role of PSAP in mediating PANoptosis, cells were divided into four groups: Ctrl (normal
glucose control), si-NC (normal glucose with negative control siRNA), si-NC + HG (high glucose with negative control
siRNA), and si-PSAP + HG (high glucose with PSAP knockdown). The Ctrl and si-NC groups were maintained in
complete medium containing 5.5 mmol/L glucose. Conversely, the si-NC + HG and si-PSAP + HG groups were cultured
in complete medium containing 50 mmol/L glucose. Following the initial 6-hour transfection period described above, the
medium was replaced with the respective normal or high-glucose complete medium, and the cells were incubated for an
additional 48 hours. Subsequently, total cellular protein was extracted and subjected to Western blot analysis to evaluate
the expression levels of PANoptosis-related marker proteins (NLRP3, cleaved caspase-8, and p-MLKL/MLKL), as
detailed in Validation of NLRP3, Cleaved Caspase-8, p-MLKL/MLKL and PANoptosis-Related Genes and Hub Genes
by Western Blot.
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Statistical Analysis

All statistical analyses were performed using R software (version 4.3.2) and GraphPad Prism (version 9.5.0). Data that
followed a normal distribution are presented as the means + SEM. Differences in PANoptosis scores between groups
were assessed using the Wilcoxon rank-sum test. Comparison of two sets of normally distributed data was performed
using the ¢-test. Multiple group comparisons were conducted via one-way ANOVA with either Tukey’s or Dunnett’s post
hoc tests to determine significant differences between groups. P < 0.05 was considered to indicate a statistically

significant difference. Each experiment was performed in triplicate. Statistical significance was defined as P < 0.05.

Results

Differential Analysis of the Bulk Transcriptome Datasets

We performed differential expression analysis on the GSE60436 (PDR vs Control) and GSE102485 (DR vs Control)
datasets using the limma and DESeq2 packages. A uniform significance threshold was set at FDR < 0.05 and |log_2FC| >
1.5. Analysis of GSE60436 identified 1163 DEGs (419 upregulated, 744 downregulated) (Figure 1A and B), while
GSE102485 yielded 5310 DEGs (3741 upregulated, 1569 downregulated) (Figure 1C and D). Intersecting these sets with
the rat PANoptosis-associated gene set identified 27 shared genes, designated as DE-PRGs (Figure 1E). Subsequent
functional enrichment revealed these genes are significantly involved in cytokine sensing, TNF signaling, PCD, and p53
signaling (Figure 1F). Crucially, the enrichment in the “AGE-RAGE signaling pathway in diabetic complications”,
alongside core inflammatory and cell death cascades, demonstrates a direct mechanistic link to DR progression, as these

pathways actively drive the chronic retinal neuroinflammation and vascular damage underlying the disease.

Single-Cell Dimensionality Reduction Clustering Analysis

Following dimensionality reduction and unsupervised clustering of the GSE209872 dataset, we manually annotated nine
retinal cell subtypes: rod cells (Rod), Miiller glial cells (Miiller), bipolar cells (BC), amacrine cells (AC), endothelial cells
(Endothelial), pericytes (Pericyte), microglia, cone, and cholinergic acuity cells (ACHC) (Figure 2A). The spatial
distribution and expression patterns of canonical marker genes are shown in Figure 2B and D. Cell proportion analysis
(Figure 2C and E) revealed significantly reduced proportions of Rods and Microglia, alongside increased proportions of
Miiller, Endothelial, AC, and BC cells in the DR group. Biologically, this shift reflects the pathological remodeling of the
retina, where the decline in Rods indicates early neuronal loss and the increased Miiller glia proportion suggests reactive

gliosis, a compensatory but dysfunctional response to chronic metabolic stress that precedes cell death.

Effects of DE-PRGs on DR Single-Cell

To analyze the expression patterns of DE-PRGs across major retinal cell subtypes, we first employed the ssGSEA
algorithm to compute a “PANoptosis score” for each cell based on the 27 identified DE-PRGs. We then visualized the
distribution of these scores in UMAP space (Figure 3A). The results demonstrated that AC and ACHC cells exhibited
significantly lower PANoptosis scores compared to other cell populations (Figure 3B). Subsequent differential scoring
analysis revealed significantly elevated PANoptosis activity in Miiller, Rod, Cone, BC, AC, Endothelial, Microglia, and
ACHC cells in the DR group (Figure 3C). We then stratified cells into “PANoptosis-high” and “PANoptosis-low” groups
using the median score as the threshold and visualized their distribution on UMAP plots (Figure 3D and E). Proportional
analysis further revealed a significant increase in the proportion of PANoptosis-high subpopulations among Miiller, AC,
and BC cells in the DR group (Figure 3F—H). Combining the proportion of each cell type in the disease and control
groups, Miiller, Endothelial, AC, and BC cells showed an overall increase in the DR group, concurrent with an elevation
in their PANoptosis-high subpopulations. The collective upward trend in both the abundance and PANoptosis activity
suggests that Miiller cells play a pivotal role in DR. This elevated score likely reflects a synergistic activation of
programmed cell death pathways in response to the diabetic microenvironment, a finding that prompted our subsequent
focus on Miiller cell-specific mechanisms.

8 https: International Journal of General Medicine 2026:19



Li et al

change * DOWN - NOT = UP
TR, TYRP1
201 - LOC285016
Siv . 7
RPE65 °, © o
. ° COL1A1
VMD2 . .
. CQL5A2
15 . ..
. . aNe JHBS2
& RLBP1 «" . POSTNe
2 . COL6A3
z . '-"‘I'" % «SERPINE1
§10 PCP4 \.,,_: LM
2 a% : SFNDC1
g S .
el
GNATY o . % ',MMPQ
5 RCV1 .
0
-5 0 5
logFC
change ° DOWN ° NOT * UP
.
20 ‘.
. * . N
P . .
E .
5 .
o
S
2
g
10
01/
MYT1e, _~"/uGT2B4
3 RP11-778H2Z1 /
WFDC10| k f RP11-281H11.1
SNX18P = =
oo o
ol /
CTD-2583A14.1 “RPL5P18
-10 0 10 20
log2FoldChange

GSE60436_DEG

GSE102485_DEG

PANoptosis_gene

group

group

— !1 M POR
05 [control
0

matrix_5 group

MR
0.5 [ Control

Proteoglycans in cancer

Lipid and atherosclerosis

Salmonella infection

Cytokine—cytokine receptor
interaction

TNF signaling pathway

Necroptosis

NOD-like receptor signaling |
pathway

p53 signaling pathway 4

Pertussis 4

AGE-RAGE signaling pathway
in diabetic complications

p.adjust

0.0008
0.0010
0.0012

. 0.0014
. Count

O 40

O 45
@ QO so0

O ss
O o

0.18 020 022 0.24
GeneRatio

Figure | Identification and functional enrichment of differentially expressed PANoptosis-related genes (DE-PRGs). (A) Volcano plot of differentially expressed genes (DEGs)
in the GSE60436 dataset (PDR vs Control). (B) Heatmap demonstrating the expression patterns of DEGs in the GSE60436 dataset. (C) Volcano plot of DEGs in the
GSE 102485 dataset (DR vs Control). (D) Heatmap demonstrating the expression patterns of DEGs in the GSE102485 dataset. (E) Venn diagram showing the intersection of
DEGs from the GSE60436 dataset, the GSE102485 dataset, and the curated PANoptosome gene set. The intersection of all three sets yielded 27 DE-PRGs. (F) Bubble plot
of KEGG pathway enrichment analysis for the 27 DE-PRGs. The size of each bubble represents the number of genes (“Count”), and the color represents the statistical

significance (adjusted P-value).

International Journal of General Medicine 2026:19

https://doi.org/10.2147/1)GM.S585908 9



Li et al

10 ACHC - /
\ DR wr
10 4 I
5 ® Rod
Red o Mialler
e BC
Miiller 5 o AC
0 i e Endothelial
:‘;' ;Endpthellal o Pericyte
@ 3 P e Microglia
5 Perlcyty' 3 o Cone
- ; g ACHC
Microglia A - c
.
10} v N
. -10
Y ' )
K
=15 -15
-10 0 10 -10 0 10 -10 0 10
umap_1 umap_1
W Ac |l 8C [MEndotheliaffl] Maller | Rod
[ ACHC [l Cone [l Microglia [ Pericyte
100%
ACHC mooooomomo.o‘oooooooooooooooonnaoooooood
Cone {o0@000 000000000000 00000000000000000000000ofecooo
N Fraction of cells
75% Microglia{0Q000@00 0000 000000000000000000000 0 @POPOSGGEo 0000000 in group (%)
Pericyte {00000000 0000000 6600000000+ s GGG > o » ©00 0000 00000 c000
- 0 25 50 75
5 EndotheliaHOOOOOQ00 0 o@D0 00000 0 ¢ 0 - @SPSGPO 00000000 0000000000000
7}
z Mean expression
E 0% AC 10000000 @00 CGBBBE@@ O © 0 © c 00 00000000900000000000Q0 ingrgup
3
2 BC J0000000 00 0@@BO s 050w 05 0s0 s sssessssosssssssoc0essoso| L I
o 1 2
Miller {000000@@@®@O0000 00000000000 000000000000000000000s000
RodMoooooooooooaoooooooooeoooooaonoononaooooooooo
25%
R e e e e e P e e e e L e
OXN X QO ZXOIELD DG EN O A NSTTFL oG 85 =8 >INNEZRES A8
AR L R R A
= EE °
e
0%
DR wWT
Mo
0.6
0.4
c
S
S
2
<]
o
0.2
0.0 ..II---——_--——__
& N O O & 3 @ @ O
NZ NG A N X
<« O @ ¥ 2 9 o
~ b°® & \‘«\\c}og o ©
Q/(\
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Figure 3 Continued.

Membrane Protein-Mediated Intercellular Communication Associated with
PANoptosis

We employed the CellChat package to predict communication patterns between PANoptosis-high and PANoptosis-low
groups. Analysis of communication quantity and intensity (Figure 4A) demonstrated that the PANoptosis-high group
exhibited significantly greater overall communication volume and signal strength. The communication heatmap
(Figure 4B) further indicated that this differential communication was particularly pronounced between Miiller cells
and AC cells.

To decipher these interaction networks, we systematically analyzed signal transduction patterns to identify the
primary senders, receivers, and signaling pathways involved. Analysis of outgoing and incoming signal contributions
revealed that the PTN (incoming), MK (incoming), VEGF (outgoing), and PSAP (outgoing) pathways significantly
influenced the PANoptosis-high cell group (Figure 4C and D). Subsequently, we identified significant differential ligand-
receptor pairs between the PANoptosis-high and PANoptosis-low groups for Miiller and AC cells (Figure 4E and F).
Molecular pairs associated with these pathways, including PSAP-GPR37, VEGFA-VEGFR1, VEGFA-VEGFR2, and
PTN-NCL, constituted the primary differential interactions. Database searches confirmed that GPR37 encodes
a membrane protein, and the PSAP-GPR37 pair showed high specific expression in Miiller cells (Figure 4G). Cell
differentiation trajectory analysis (Figure 4H) revealed that GPR37 expression increased during late-stage differentiation,
suggesting that Miiller cells may mediate PANoptosis via the GPR37 membrane protein.

Furthermore, we found that the top 10 most significant DEGs within the Miiller2 subpopulation showed a statistically
significant correlation with the PANoptosis score (Figure SH). Finally, a protein-protein interaction (PPI) network for
Miiller2 marker genes was constructed using the STRING database (confidence threshold = 0.7), comprising 268 nodes
and 341 interaction edges (Figure 5I), highlighting the complex molecular interplay within this subpopulation.

Furthermore, visualization of the PSAP signaling pathway (Figure 4I) confirmed its high activity in Miiller cells. This
pathway is a known regulator of cell proliferation, differentiation, and apoptosis. Collectively, these findings suggest that
Miiller cells serve as pivotal mediators of membrane protein-dependent signaling, playing a crucial role in regulating
PANoptosis in DR. At the cellular level, the PSAP-GPR37 axis reveals a specific autocrine and paracrine mechanism by
which Miiller cells propagate PANoptotic stress signals, exacerbating localized retinal damage. Consequently, these
findings identify the PSAP-GPR37 and VEGF and PTN pathways as potential therapeutic targets to disrupt the
pathological feed-forward loops of neurovascular impairment in DR.

Heterogeneity and Functional Characterization of Miller Cell Subpopulations
To investigate Miiller cell heterogeneity, we performed dimensionality reduction and unsupervised clustering on the
previously identified Miiller cell population. Using an optimal clustering resolution of 0.2, we identified three distinct
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Figure 4 Membrane protein-mediated intercellular communication associated with PANoptosis. (A) Comparison of the total number (left) and overall interaction strength
(right) of inferred cellular communications between the PANoptosis-high and PANoptosis-low score groups. (B) Heatmap showing the differential number of interactions
(left) and differential interaction strength (right) across cell types. Red indicates stronger or more numerous interactions in the PANoptosis-high group; blue indicates
stronger or more numerous interactions in the PANoptosis-low group. (C and D) Heatmaps illustrating the incoming and outgoing signaling patterns, respectively, for
specific pathways (y-axis) across different cell types (x-axis) in the PANoptosis-high (left) and PANoptosis-low (right) groups. (E) Dot plot illustrating the differential
expression of specific ligand-receptor (L-R) pairs in Miiller cells between the PANoptosis-high and PANoptosis-low groups. Color scale indicates P-value. (F) Dot plot
showing the differential expression of specific L-R pairs in AC cells between the groups. Color scale indicates P-value. (G) Violin plots showing the expression levels of Psap
and Gpr37 across all identified cell types. (H) Scatter plots illustrating the expression of Gpr37 along a pseudo-time trajectory, indicating its relationship with cell
differentiation. (I) Chord diagrams visualizing the PSAP signaling pathway network interactions among different cell types in the PANoptosis-high (left) and PANoptosis-low
(right) groups. The thickness of the connecting lines indicates the strength of the intercellular communication.
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Figure 4 Continued.

subpopulations: Miillerl, Miiller2, and Miiller3 (Figure 5A). We then employed the FindAllMarkers function
(parameters: min.pct = 0.2, only.pos = TRUE, logfc.threshold = 0.5) to determine DEGs for each subpopulation.

Miiller]l was characterized by high expression of Vstm2b, Isll, Qpct, Tmem196, Pcp2, and Prdm8. In contrast,
Miiller2 exhibited heightened expression of Tlr3, Tmem100, Anol, Rassf9, Psap, and Gpr37, while Miiller3 was marked
by March10, Tfap2c, Slc16a8, and Gentl (Figure 5B). Notably, the Psap—Gpr37 membrane protein pair was specifically
enriched in the Miiller2 subpopulation (Figure 5C). Cell proportion analysis (Figure 5D and E) indicated that Miiller2
cells were elevated in the PANoptosis-high group, while Miiller] proportions increased in the PANoptosis-low group. All
three subpopulations were elevated in the DR group compared to controls.

Gene Ontology Biological Process (GOBP) enrichment analysis (Figure 5F) revealed that the Miiller2 DEGs were
significantly enriched in biological processes related to apoptosis regulation. The primary categories included: regulation
of apoptosis signaling pathways; regulation of neutrophil apoptosis; positive regulation of endothelial cell apoptosis;
apoptosis involved in morphogenesis; negative regulation of endothelial cell apoptosis; regulation of T cell apoptosis;
apoptotic cell clearance; T cell apoptosis; negative regulation of leukocyte apoptosis; and positive regulation of the
extrinsic apoptosis pathway.

KEGG enrichment analysis (Figure 5G) indicated that the Miillerl subpopulation was significantly enriched in
pathways including dopaminergic synapse, PI3K-Akt signaling, circadian rhythm, retrograde endocannabinoid signaling,
MAPK signaling, and GABAergic synapse. The Miiller2 subpopulation was predominantly enriched in pathways
associated with leukocyte transendothelial migration, human T-cell leukemia virus 1 infection, TNF signaling, apoptosis,
IL-17 signaling, and ferroptosis. In contrast, the Miiller3 subpopulation exhibited significant enrichment in pathways

involving cardiac muscle contraction, mineral absorption, and porphyrin metabolism.
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Figure 5 Continued.

In addition, we selected the top 10 most significant DEGs (identified by FindAllMarkers) within the Miiller2
subpopulation for further analysis. We then examined the correlation of these genes with the PANoptosis score. These
top 10 genes showed a statistically significant correlation with the PANoptosis score (Figure SH). Furthermore, the PPI
network constructed for Miiller2 marker genes using the STRING database (confidence threshold = 0.7) comprised 268
nodes and 341 interaction edges (Figure 5I).

Potential Gene Drugs Targeting Key Subtypes of Membrane Protein-Mediated PANoptosis
We employed the ssGSEA method to assign a score to each sample in the bulk cohort based on the Miiller2
subpopulation-specific gene set. Subsequent analysis revealed significantly higher Miiller2 subpopulation scores in the
DR group compared to the control group (Figure 6A). Samples were then stratified into high- and low-score groups using
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Figure 6 Identification of key genes in the Miiller2 subpopulation and potential therapeutic targets. (A) Box plot comparing the Miiller2 subpopulation scores between the
DR and Control groups in the bulk cohort (Wilcoxon, P = 0.0061). (B) Volcano plot showing DEGs between the high- and low-score groups based on the Miiller2
subpopulation signature in the bulk cohort. (C) Heatmap illustrating the expression patterns of the identified DEGs across the high- and low-score groups. (D) PPl network
constructed from the identified DEGs. (E) Bar chart displaying the top 10 hub genes from the PPl network, ranked by degree of connectivity. (F) Sankey diagram illustrating

potential drugs (left) predicted to target the identified hub genes (right).
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the median score as the cutoff. We then performed differential expression analysis between these two groups using
DESeq2. This analysis identified 1116 DEGs, comprising 100 upregulated and 1016 downregulated genes. To visualize
the overall distribution of these DEGs, we generated a volcano plot using the ggplot2 package (version 3.5.0)
(Figure 6B). Furthermore, we generated a heatmap using the ComplexHeatmap package (version 2.18.0) to visualize
the expression patterns of these DEGs (Figure 6C).

Subsequently, we constructed a PPI network for these DEGs using the STRING database (confidence threshold = 0.7)
(Figure 6D). Hub genes are defined as those that play pivotal roles within the network. We identified the top 10 hub genes
by employing the degree metric, a measure of connectivity (Figure 6E). Among these, DLG4 exhibited the highest
degree, followed by SNAP25, suggesting these 10 hub genes play pivotal roles in the network.

To explore the therapeutic potential of these hub genes, we utilized the DGIDB database to predict potential drug-
gene interactions. We generated a Sankey diagram using ggplot2 to illustrate these gene-drug relationships (Figure 6F).
This analysis associated the 10 hub genes with 26 potential drugs. For instance, CD4 was associated with two drugs (anti-
thymocyte globulin and ibalizumab), while GRIN2A was associated with the highest number of potential drugs.
Consequently, the identification of these hub genes and their associated pharmacological networks highlights their
potential as actionable therapeutic targets, offering a theoretical basis for repurposing existing drugs or developing
novel interventions to mitigate PANoptosis-driven retinal injury in DR.

Analysis of Immune Infiltration and Hub Gene Correlation

In the bulk transcriptome cohort, we performed immune cell infiltration analysis using the CIBERSORT algorithm to
quantify the proportions of 22 immune cell types. Subsequent differential analysis of these proportions (Figure 7A)
revealed significant variations in the infiltration levels of naive B cells, activated CD4 memory T cells, gamma delta
T cells, M1 macrophages, and neutrophils between the DR and control groups (Figure 7B). Furthermore, a correlation
analysis between the hub genes and these immune cells (Figure 7C and D) indicated that most hub genes (eg, SYT1,
SNAP25, GRIN2A, FN1) were positively correlated with various immune cell types. In contrast, RAB3A exhibited
a strong negative correlation with resting CD4+ memory T cells.

Validation of NLRP3, Cleaved Caspase-8, p-MLKL/MLKL and PANoptosis-Related

Genes and Hub Genes in DR Rat Retinal Tissue

To confirm the establishment of early-stage diabetic retinopathy (DR), H&E staining was performed at 12 weeks post-
induction (Figure 8A). Compared to the well-organized and compact retinal structure in the control group, retinas from
the DR group exhibited evident morphological disruption. Specifically, we observed an overall thinning of the retina and
a more sparse, disorganized cellular arrangement. Additionally, there was a noticeable reduction in overall cell density
compared to the normal retinas. Together with sustained hyperglycemia, these general histological changes verify the
successful induction of early-stage DR pathology in our rat model prior to subsequent analyses.

To examine the mRNA levels of key PANoptosis-related genes, we extracted total retinal RNA from rats in the Ctrl
and DR groups. We then validated the expression of key identified genes (DLG4, FN1, EMP3, PDGFR1, and PSAP) in
these retinal tissues using qRT-PCR (Figure 8B). DLG4 expression was significantly downregulated in the DR group
compared to the Ctrl group. Meanwhile, the expression of FN1, EMP3, PDGFR1, and PSAP was significantly
upregulated in the DR group, consistent with our bioinformatics analysis.

Western blot analysis revealed that the protein expression of PANoptosis markers—including NLRP3, cleaved
caspase-8, and the p-MLKL/MLKL ratio—was significantly elevated in the DR group (Figure 8C). This result strongly
suggests the concurrent activation of PANoptotic marker cascades during DR pathogenesis. Furthermore, PSD95
(encoded by DLG4) protein expression was markedly downregulated, while Fibronectin, PDGFRp, and PSAP protein
levels were significantly upregulated, consistent with our qRT-PCR results.
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Figure 7 Analysis of immune cell infiltration and its correlation with hub genes. (A) Stacked bar plot showing the relative proportions of 22 immune cell types in each
sample from the bulk cohort, grouped by Control and DR. (B) Violin plots comparing the percentages of each immune cell type between the DR and Control groups (ns
represents no significant difference; *P < 0.05; **P < 0.01; ***P < 0.001). (C) Correlation matrix (heatmap) illustrating the correlation between the expression of 10 hub
genes (y-axis) and the infiltration levels of various immune cell types (x-axis). Red indicates positive correlation; blue indicates negative correlation (*P < 0.05; **P < 0.01;
##*p < 0.001). (D) Network diagram visualizing the significant correlations between hub genes (blue circles) and specific immune cell types (red squares).

Integrated Analysis of High Glucose-Induced Miiller Cell PANoptosis and PANoptosis-

Related Genes and Hub Genes Expression

High Glucose Induces Cytotoxicity and Oxidative Stress in RMC-1 Cells

To establish an in vitro model of diabetic retinopathy (DR), we first assessed the cytotoxic effects of high glucose on
RMC-1 cells. As illustrated in Figure 9A, the CCK-8 cell viability assay revealed a significant decline in RMC-1 viability
in the HG 48h group compared to the NG group. Conversely, no statistically significant difference in cell viability was
observed between the NG and MA groups. Consistent with these findings, flow cytometry analysis demonstrated
a significant augmentation in ROS content in the HG 48h group compared to the NG group (Figure 9B). These results
confirm that high glucose induces cell damage and oxidative stress in RMC-1 cells.

High Glucose Induces PANoptosis via Concurrent Activation of Apoptosis, Pyroptosis, and Necroptosis

To further verify the occurrence of PANoptosis, this study employed multimodal cell death assays. Flow cytometric
analysis using Annexin V-FITC/PI double staining revealed that the HG 48h group exhibited a significant increase in the
proportion of both early and late apoptotic cells, concomitant with a marked reduction in the viable cell population,
compared with the NG group (Figure 9C). Given that both necroptosis and pyroptosis culminate in plasma membrane
pore formation, cellular rupture, and the consequent efflux of lactate dehydrogenase (LDH) into the extracellular milieu,
LDH activity in culture supernatants was employed as a surrogate indicator for quantifying these lytic cell death
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Figure 9 Continued.

modalities. The LDH release assay demonstrated significantly elevated LDH activity in the HG 48h group relative to the
NG group (Figure 9D). Furthermore, PI/Hoechst double staining confirmed a marked increase in the proportion of dead
cells in the HG 48h group compared with the NG group (Figure 9E). Finally, Western blot analysis demonstrated that the
protein expression of key PANoptosis markers (NLRP3, cleaved caspase-8, and the p-MLKL/MLKL ratio) was
significantly elevated in the HG 24h and HG 48h groups compared to the MA group. These markers are canonically
associated with pyroptosis, apoptosis, and necroptosis, respectively (Figure 9F). Overall, these findings provide com-
prehensive phenotypic and molecular evidence suggesting the activation of PANoptosis in RMC-1 cells under a high-
glucose environment.

Differential Expression of PANoptosis-Related Genes and Hub Genes

To investigate the expression of key PRGs, RMC-1 cells were cultured under low and high glucose conditions for
48 hours. qRT-PCR validation showed that the expression of key identified genes was significantly altered in high-
glucose-treated RMC-1 cells. DLG4 expression was significantly downregulated in the HG 48h group compared to the
NG group, whereas the expression levels of FN1, EMP3, PDGFRI1, and PSAP were significantly upregulated
(Figure 9G). These results were consistent with our bioinformatics analysis. Western blot confirmed these changes at
the protein level: PSD95 protein expression was significantly downregulated, while the protein levels of Fibronectin,
PDGFR, and PSAP were significantly upregulated (Figure 9H). The mRNA-protein concordance validates these key
genes as potential mediators of high glucose-induced Miiller cell injury.

Knockdown of PSAP Attenuates High Glucose-Induced PANoptosis in RMC-| Cells
Validation of PSAP Knockdown Efficiency in RMC-1 Cells

To investigate the biological function of PSAP, we transiently transfected RMC-1 cells with three different PSAP-specific
siRNAs (si-PSAP-1, si-PSAP-2, and si-PSAP-3) or a negative control (si-NC). Following 48 hours of transfection, the
knockdown efficacy was evaluated at both the transcriptional and translational levels. As shown in Figure 10A, qRT-PCR
analysis revealed that all three si-PSAP sequences significantly decreased Psap mRNA expression compared to the si-NC
group. However, Western blot analysis demonstrated that only si-PSAP-1 successfully and significantly reduced PSAP
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Figure 10 Knockdown of PSAP attenuates high glucose-induced PANoptosis in RMC-I cells. (A) qRT-PCR analysis of relative PSAP mRNA expression in RMC-1| cells
transfected with negative control siRNA (si-NC) or three different PSAP-specific siRNAs (si-PSAP-1, si-PSAP-2, and si-PSAP-3). (B) Representative Western blot images
(bottom) and densitometric quantification (top) of PSAP protein levels in the corresponding transfection groups. (C) Representative Western blot images (bottom) and
densitometric quantification (top) of PANoptosis-related marker proteins, including NLRP3, Cleaved Caspase-8, and the p-MLKL/MLKL ratio, in RMC-1| cells across four
experimental groups: Ctrl (normal glucose), si-NC, si-NC+HG (high glucose), and si-PSAP+HG. mRNA and protein levels were normalized to B-actin. One-way ANOVA
with Student-Newman-Keuls post-hoc test was used for multi-group comparisons. ns represents no significant difference; *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001.

protein expression, whereas si-PSAP-2 and si-PSAP-3 did not exhibit a statistically significant reduction at the transla-
tional level (Figure 10B). Consequently, si-PSAP-1 demonstrated the most robust and consistent knockdown efficiency
and was selected for all subsequent functional experiments.

PSAP Knockdown Attenuates High Glucose-Induced PANoptosis

To determine whether PSAP is involved in high glucose-induced PANoptosis, we assessed the expression levels of key
PANoptosis-related proteins (NLRP3, cleaved caspase-8, and the p-MLKL/MLKL ratio) via Western blot analysis using the
validated si-PSAP-1 sequence. No significant differences in baseline protein expression were observed between the Ctrl and
si-NC groups (Figure 10C). However, exposure to high glucose (si-NC + HG group) triggered a marked upregulation of
NLRP3, cleaved caspase-8, and the p-MLKL/MLKL ratio compared to the si-NC group, suggesting the successful induction
of PANoptotic marker expression under high-glucose stress. Importantly, the siRNA-mediated knockdown of PSAP sig-
nificantly reversed these high glucose-induced molecular alterations. The elevated levels of NLRP3, cleaved caspase-8, and
the p-MLKL/MLKL ratio were markedly suppressed in the si-PSAP + HG group relative to the si-NC + HG group
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(Figure 10C). Taken together, these findings provide compelling evidence that silencing PSAP effectively mitigates high
glucose-induced PANoptosis marker expression in RMC-1 cells.

Discussion

DR is a serious complication of diabetes mellitus, which is currently observed in approximately 30% of diabetic patients
and constitutes a major public health challenge.”' > PANoptosis, a recently discovered pro-inflammatory PCD that
integrates features of both pyroptosis and apoptosis, has been shown to play a significant role in various biological
processes, such as organismal development and the immune response.* This novel cell death modality has garnered
attention for its critical role in inflammatory responses and cellular homeostasis.*’

Currently, research on the role of PANoptosis in DR progression remains limited. A study by Xu et al was the first to
report the potential significance of PANoptosis in DR.'® Their study found that intravitreal DKK1 injection not only
significantly improved retinal physiological function but also helped restore its normal structure. Subsequent mechanistic
studies suggested this protective effect was associated with the regulation of PANoptosis in retinal tissues, as evidenced
by inhibited cleavage of GSDMD, Caspase-3, and RIPK3. This finding provides preliminary evidence linking
PANoptosis to the pathological process of DR, thereby expanding our understanding of this cell death modality’s
functional role in the disease. The present study aims to further elucidate membrane protein-mediated PANoptosis in
key cell populations and to screen for core regulators with cell-type-targeting potential. The primary objective is to
provide new targets and a theoretical basis for the precise intervention and treatment of DR.

In this study, we identified 1163 and 5310 DEGs from the GSE60436 and GSE102485 datasets, respectively. From these
DEGs, we screened 27 intersecting genes relevant to PANoptosis in rats. Functional enrichment analysis showed these genes
were involved in cytokine sensing, the TNF signaling pathway, the p53 pathway, and various programmed death pathways,
suggesting that PANoptosis may function as a key hub in the DR inflammatory network. Despite sharing molecular
characteristics with apoptosis, pyroptosis, and necroptosis, the precise mechanisms underlying PANoptosis remain incom-
pletely understood, as the death phenotype cannot be fully explained by any single pathway.!' This pathway integrates
molecular interactions among multiple cell death modalities, which are synergistically regulated by the PANoptosome,
ultimately triggering significant pro-inflammatory cell death.'® Notably, both pyroptosis and necroptosis are considered pro-
inflammatory modes of cell death,”® whereas apoptosis is generally regarded as a non-inflammatory process involving the
hydrolytic activation of proteases. Collectively, these findings imply that PANoptosis may play a pivotal role in modulating
inflammatory and immune responses in DR.

This study utilized the GSE209872 single-cell dataset to identify nine retinal cell subpopulations. The results
indicated that the proportions of Miiller, endothelial, AC, and BC cells were elevated in DR. Furthermore, calculation
of PANoptosis scores (using the 27 DE-PRGs) demonstrated enhanced PANoptosis activity in these cell types, as well as
in Rod, Cone, Microglia, and ACHC populations. Additionally, the proportions of PANoptosis-high subpopulations
within the Miiller, AC, and BC cell populations were significantly increased. Furthermore, cellular communication and
subpopulation analyses indicated that the membrane protein-ligand pair Psap-Gpr37 was highly and specifically
expressed in the Miiller2 subpopulation. In addition, DEGs in the Miiller2 subpopulation were significantly enriched
for biological processes related to apoptosis regulation. Notably, the top 10 of these DEGs showed a significant
association with PANoptosis scores. These results suggest that Miiller cells may act as key mediators of membrane
protein-dependent signaling and play a dominant role in regulating PANoptosis in DR.

Retinal neuronal degeneration is a core pathological change in DR. Miiller cells, the primary glial cells of the retina,
provide critical protective and supportive functions for retinal neurons. These cells exert a protective role by maintaining
extracellular environmental homeostasis, participating in the blood-retinal barrier, and supporting neuronal development;*’**
furthermore, under oxidative stress, they activate antioxidant enzyme systems to scavenge free radicals, thereby neutralizing
ROS to prevent neuronal damage.?’ However, chronic hyperglycemia induces Miiller cell dysfunction, mitochondrial damage,
and increased oxidative stress. This cascade leads to edema, hypoxic damage, inflammation, and diminished antioxidant
capacity in Miiller cells, ultimately culminating in apoptosis.'®** Chronic hyperglycemia in DR, by inducing oxidative stress
and inflammatory cytokine production, may in turn activate the PANoptosis pathway.”>* Consistent with this, the present
study revealed a substantial augmentation in ROS content within Miiller cells exposed to high-glucose conditions compared to
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a normal-glucose control group. Mechanistically, we propose that the elevated PANoptosis scores observed in our bioinfor-
matic analysis stem from the unique role of Miiller cells as metabolic “gatekeepers” of the retina. Their constant involvement
in nutrient and byproduct exchange makes them hypersensitive to chronic hyperglycemia, where the subsequent accumulation
of ROS and pro-inflammatory cytokines triggers the synergistic activation of the PANoptosome—integrating apoptotic,
pyroptotic, and necroptotic cascades. Crucially, our comprehensive in vitro assays—including flow cytometric Annexin V/PI
staining, LDH release measurements, and PI/Hoechst morphological assessments—explicitly confirmed that high glucose
exposure induces widespread cell death characterized by the concurrent activation of apoptosis, pyroptosis, and necroptosis.
This observation provides robust evidence for a heightened potential for PANoptosis activation in Miiller cells. This study,
therefore, hypothesizes that PANoptosis plays a key regulatory role in Miiller cell dysfunction. A more in-depth understanding
of this mechanism could provide new avenues for targeted DR therapies.

The development of DR is primarily driven by two key factors: chronic inflammation and dysregulated immune cell
homeostasis. In the present study, we investigated immune infiltration in the bulk cohort using the CIBERSORT
algorithm. The analysis revealed significant differences in the infiltration levels of naive B cells, activated CD4 memory
T cells, gamma delta T cells, M1 macrophages, and neutrophils between the disease and control groups. Hub genes were
then further screened based on their characterization of the Miiller2 subpopulation. Finally, we predicted potential target
drugs for these hub genes using the DGIDB database. The hub genes were found to be significantly correlated (both
positively and negatively) with the infiltration levels of multiple immune cell types. This finding suggests that the hub
genes may be involved in the chronic inflammatory process of DR by modulating the immune microenvironment.
Notably, Miiller cells have been identified as a suitable therapeutic target in various retinal diseases, including retinitis
pigmentosa and age-related macular degeneration. This suitability stems from their capacity to withstand pathological
stimuli and maintain survival, rendering them targetable even in advanced stages of retinal degeneration.>! Combined
with our results, we hypothesize that these identified hub genes are involved in the chronic inflammatory and immune
responses during DR development by regulating immune cell infiltration dynamics. These findings reveal the potential of
hub genes as novel therapeutic targets for DR and provide a theoretical basis and candidate targets for developing precise
intervention strategies against retinal degeneration.

The present study integrated bioinformatics analysis with in vivo and in vitro experimental validation to confirm the
expression of key PANoptosis markers and related genes in DR. Our experimental findings demonstrated that the expression
levels of PANoptosis marker proteins—including NLRP3, cleaved caspase-8, and the p-MLKL/MLKL ratio—were signifi-
cantly increased in both the DR animal model and high-glucose-treated RMC-1 cells. Concurrently, DLG4 expression was
downregulated among the PRGs. In contrast, the expression of FN1, EMP3, PDGFRf, and PSAP was significantly increased.
These observations suggest that the activation of PANoptosis in Miiller cells may play a pivotal role in DR progression.

Regarding molecular function, the DLG4 gene encodes postsynaptic density protein 95 (PSD95), a pivotal scaffolding
protein at excitatory synapses. This protein plays a critical role in clustering and modulating glutamate receptors, which
is vital for maintaining synaptic stability and neuroplasticity in retinal ganglion cells. It is also essential for neuronal
survival and functional integrity.>*>* Previous research found that DLG4/PSD95 levels were reduced at both the
transcriptional and protein levels in DR mouse retinas.”>* Fibronectin (FN1), a ubiquitous extracellular matrix
glycoprotein, plays a pivotal role in numerous physiopathological processes, including embryonic development,
wound healing, hemostasis, and thrombosis.>> It is a key factor in regulating angiogenic activity through its interaction
with vascular endothelial growth factor (VEGF).>® In DR, FN1 upregulation may be closely associated with hypoxia-
induced endothelial cell responses and the activation of related signaling pathways, such as those governing proliferation,
apoptosis, and angiogenesis.>’® Epithelial membrane protein 3 (EMP3), a widely expressed quadruple transmembrane
protein, is involved in regulating important signaling pathways (eg, HER-2/PI3K/Akt, MAPK/ERK, and TGF-f/Smad)
and has been associated with cellular processes such as cell-cycle progression, proliferation, and apoptosis.** PDGFR is
expressed predominantly in perivascular and smooth muscle cells and is involved in angiogenesis, cell migration, matrix
deposition, and early gene induction.***' The inflammatory microenvironment activates PDGFRp, whereas its inhibition
reportedly alleviates endothelial cell apoptosis and mitochondrial fusion abnormalities caused by the overexpression of
DRP-1 (a mitochondrial autophagy-related protein) in DR.*'
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Given their distinct yet interconnected roles in retinal pathology, these hub genes hold significant promise as therapeutic
targets for DR. To maximize therapeutic efficacy while minimizing off-target effects—a common challenge given the multi-
pathway nature of PANoptosis—we propose a precision intervention strategy focusing on upstream regulatory “triggers”
rather than downstream executors. Unlike broad-spectrum inhibitors of executioner proteins (eg, caspases or MLKL) which
may trigger compensatory death pathways, targeting specific membrane protein-ligand units can modulate PANoptotic
signaling pathways precisely. Specifically, interventions utilizing small molecule inhibitors or specific neutralizing antibodies
against FN1 and PDGFRp could potentially mitigate retinal fibrosis and pathological neovascularization.** Similarly,
modulating DLG4 and EMP3 expression via targeted gene therapy or pharmacological agents may offer neuroprotective
benefits by restoring synaptic homeostasis and dampening glial overactivation.*> The PSAP signaling pathway is involved in
regulating key processes such as cell proliferation, differentiation, apoptosis, and intercellular communication. Its receptor,
GPR37, forms a functional signaling unit with PSAP; in this unit, PSAP functions extracellularly as a secreted factor and
intracellularly as a regulator of lysosomal enzymes.** To elucidate the specific molecular mechanisms by which PSAP
influences DR progression via PANoptosis, we performed siRNA-mediated PSAP knockdown in high-glucose-treated RMC-
1 cells. Remarkably, our validation demonstrated that silencing PSAP effectively attenuated the high glucose-induced
elevation of core PANoptotic proteins, including NLRP3, cleaved caspase-8, and the p-MLKL/MLKL ratio. This finding
links PSAP upregulation to the activation of the PANoptotic marker cascade, suggesting that the PSAP-GPR37 axis is
involved in modulating PANoptotic signaling in Miiller cells. Consequently, by employing Miiller cell-targeted delivery
systems, such as AAV vectors equipped with glial-specific promoters (eg, GFAP or RLBP1), we can precisely suppress
PANoptosis at its source within dysfunctional macroglia. This cell-type-specific approach localized to the retinal microenvir-
onment ensures that therapeutic concentrations are maintained where needed, thereby sparing healthy neurons and minimizing
systemic off-target impacts. Further investigation into the roles of these genes in regulating the retinal cell death and immune
microenvironment will provide new directions for understanding DR pathogenesis and developing targeted therapies.

Despite providing a novel perspective on PANoptosis in DR through integrated validation, this study has several
limitations. First, the limited sample size and inherent risk of bioinformatic overfitting necessitate validation in larger,
multicenter cohorts to enhance robustness. Second, and most critically regarding our mechanistic claims, we must exercise
absolute transparency: our current study relies on transcriptomic correlations and functional phenotypic assays, lacking direct
biochemical evidence—such as Co-Immunoprecipitation (Co-IP)—to prove the physical assembly of the PANoptosome
complex. Therefore, while our in vitro siRNA knockdown experiments demonstrate a strong genetic and functional
dependency (wherein silencing PSAP mitigates the elevation of PANoptotic markers), we rigorously avoid overstating this
as definitive biochemical causality. The precise physical scaffolding role of the PSAP-GPR37 axis remains a theoretical
framework requiring future structural validation. Third, while siRNA knockdown suggested PSAP’s role in vitro, Miiller cell-
specific in vivo knockout models and phenotypic rescue assays are essential to establish a definitive causal link between glial
dysfunction and DR. Such studies will clarify whether Miiller cells act as active regulators of the retinal PANoptotic
microenvironment rather than merely passive victims of metabolic stress. Fourth, direct validation of these biomarkers in
human clinical samples or primary cell models is currently lacking. Future research utilizing human-derived Miiller cells, co-
culture systems to explore glial-neuronal interactions, or expansive patient cohorts will be crucial to confirm translational
potential. Finally, the safety and specificity of the identified therapeutic targets require rigorous evaluation in further
preclinical studies to ensure their clinical viability.

Conclusion

Integrating bioinformatics analysis and experimental validation, this study identified and validated the critical role of Miiller cells,
the membrane protein PSAP, and key hub genes (including DLG4, FN1, EMP3, and PDGFRp) in PANoptosis during DR
progression. Crucially, our findings suggest that the Miiller2 subpopulation and the Psap-Gpr37 signaling axis are closely
associated with PANoptosis regulation. Furthermore, in vitro assays validated that silencing the membrane protein PSAP
effectively mitigates the high glucose-induced elevation of PANoptotic marker proteins, suggesting a functional association
without asserting direct physical PANoptosome assembly. These findings suggest that Miiller cells could serve as a key cellular
target for therapies aimed at PANoptosis in DR. Given that Miiller cell dysfunction often precedes clinically detectable
microvascular damage, monitoring these identified hub genes could facilitate early clinical diagnosis. Consequently, modulating
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the PSAP-mediated signaling cascade presents a promising clinical avenue for early intervention, potentially halting DR
progression before irreversible retinal degeneration occurs. The present study offers novel insights into the pathogenesis of
DR, thereby establishing a theoretical framework for the future exploration of diagnostic biomarkers and therapeutic strategies.
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