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macrophages, implying that M1 macrophages may play a role 
in DR progression.
Functional Enrichment Analysis of Intersection Genes  
Through Gene Set Enrichment Analysis (GSEA), as well as 
GO and KEGG enrichment analysis, we explored the potential 
functions and regulatory signaling pathways of the intersection 
genes. The GSEA results revealed that the potential functions 
and signaling pathways of the three intersection genes exhibited 
notable overlap, with key enriched functions including 
Spliceosome, Ribosome, and Focal_Adhesion, and major 
enriched signaling pathways such as the Phosphatidylinositol_
Signaling_System and Notch_Signaling_Pathway (Figure 
3A–3C). GO and KEGG analyses further indicated that FLNA 
is associated with functions and pathways such as mammary 
gland development, striated muscle cell development, 
mannose type O-glycan biosynthesis, TNF signaling pathway, 
and AMPK signaling pathway (Figure 3D–3E). PLEC and 
TTYH3 were found to be linked to pathways and processes 
including the transmembrane receptor protein serine/threonine 
kinase signaling pathway, epithelial cell development, graft-
versus-host disease, and Notch signaling pathway (Figure 3F–3I). 

Additionally, ROC curve analysis demonstrated that FLNA and 
TTYH3 exhibited good predictive performance for DR, with 
AUC values of 0.77 and 0.778, respectively, while PLEC showed 
relatively lower predictive efficiency with an AUC value of 0.755.
Multiple Machine Learning for Intersection Genes  The 
initial results suggest that the intersection genes have predictive 
potential for DR. To further validate the role of the intersection 
genes in DR, we conducted a comprehensive evaluation 
of their predictive performance using machine learning 
models. After assessing various models, including Logistic 
Regression, Random Forest, Support Vector Machine (SVM), 
XGBoost, and Neural Network, we found that Random Forest 
consistently demonstrated the best performance in terms of 
sensitivity (AUC), accuracy, and reliability (F1; Figure 4A, 
Table 2). Therefore, we selected Random Forest as the optimal 
model to construct a risk score and validated it in the testing set 
(Figure 4B). We also ranked the importance of the intersection 
genes, revealing that FLNA was the most significant, followed 
by TTYH3, and then PLEC (Figure 4C–4D). Furthermore, as 
expected, the risk score distribution in the GSE221521 dataset 
showed significantly higher scores in the DR group compared 

Figure 3 Functional enrichment analysis of intersection genes  Gene Set Enrichment Analysis (GSEA) enrichment analysis of filamin A (FLNA; 

A), plectin (PLEC; B), and Tweety family member 3 (TTYH3; C). Gene Ontology (GO; D) and Kyoto Encyclopedia of Genes and Genomes (KEGG; E) 

enrichment analysis of FLNA. GO (F) and  KEGG (G) enrichment analysis of PLEC. GO (H) and  KEGG (I) enrichment analysis of TTYH3.
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to the control group (Figure 4E), with a ROC curve AUC value 
of 0.948 (Figure 4F). Decision curve demonstrated that the 
red curve, representing our model, had the highest net benefit 
across most thresholds (0 to approximately 0.8), indicating 
that the model based on these three genes can assist clinicians 

in more accurately identifying high-risk DR patients requiring 
intervention (Figure 4G). Finally, the calibration curve revealed 
that the observed calibration curve closely aligned with the 
ideal 45° line, indicating good consistency between predicted 
and observed probabilities (Figure 4H).

Table 2 Table of model evaluation

Model Accuracy AUC F1 Sensitivity Specificity PPV NPV
Logistic 0.684722 0.785238 0.703844 0.758095 0.647143 0.700714 0.67
RandomForest 0.720833 0.814683 0.721111 0.712857 0.817143 0.815 0.671667
SVM 0.705556 0.747857 0.702698 0.659524 0.825714 0.808333 0.631667
XGBoost 0.648611 0.682302 0.649185 0.64381 0.674762 0.688333 0.593333
NeuralNet 0.698611 0.737857 0.655 0.548571 0.899048 0.85 0.604048

AUC: Area under the curve; PPV: Positive predictive value; NPV: Negative predictive value; SVM: Support Vector Machine.

Figure 4 Multiple machine learning for intersection genes A: Model evaluation for multiple machine learning models; B: Evaluation of the 

Random Forest model on the test set; C: Ranking of variable importance for random forest models; D: Variable partial dependence curve of 

random forest model; E: Risk score distribution of GSE221521 dataset; F: Receiver operating characteristic (ROC) curve of risk score; G: Direct 

current analysis (DCA) curve of risk score; H: Calibration curve for risk score. dP<0.0001.
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Single-cell Sequencing Analysis  The preliminary results 
have demonstrated the high expression of key DR genes in 
M1 macrophages. In this section, we further investigated 
the expression patterns of M1 macrophages in DR samples. 
Through cell annotation of the GSE243100 dataset, we 
identified that the samples in this dataset were primarily 
composed of endothelial, retinal pigment epithelial cells 
(RPEs), fibroblast, rod cell, macrophage M1, and B cell 
populations (Figure 5A). By marking the marker genes of 
various cell types (Figure 5B), we determined the proportions 

of these cell types in the control and DR groups. Notably, 
the proportion of M1 macrophages in the DR group was 
significantly higher than in other cell types (Figure 5C), further 
validating the high expression of DR in M1 macrophages. 
Based on these findings, we analyzed the expression patterns 
of the three intersecting genes across different cell types. 
The expression heatmap revealed that FLNA exhibited the 
highest expression in M1 macrophages, followed by TTYH3, 
while PLEC displayed the highest expression in Endothelial 
cells (Figure 5D). Additionally, expression feature plots 

Figure 5 Single-cell sequencing analysis  A: Cell annotation of the GSE243100 dataset; B: Marker gene annotation of different cell types; C: The 

proportion of tissue cells in the GSE243100 dataset; D: Dot plots of FLNA, PLEC, and TTYH3 expression in different cell types; E: Feature plot 

of FLNA expression; F: Box plot of FLNA expression differences between DR and control in different cells; G–H: GO (G) and KEGG (H) analysis 

of differentially expressed genes between M1_FLNA+ group and M1_FLNA- group. I–J: Cell communication analysis when M1 macrophages 

as source (I) or target (J); K: Relative signal flow differences between M1_FLNA+ group and M1_FLNA- group. aP<0.05, dP<0.0001. GO: Gene 

Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; FLNA: Filamin A; PLEC: Plectin; TTYH3: Tweety family member 3; RPEs: Retinal 

pigment epithelial cells; DR: Diabetic retinopathy.
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and boxplots for the three genes across various cell types 
demonstrated that FLNA and TTYH3 exhibited the most 
pronounced differences in expression levels within M1 
macrophages (Figure 5E–5F). Given that FLNA showed the 
strongest predictive importance for DR based on previous 
results, we prioritized FLNA for further investigation. 
Subsequently, we divided M1 macrophages into M1_FLNA+ 
and M1_FLNA- groups based on the expression of FLNA and 
analyzed the functional differences in their differential genes. 
GO analysis indicated that cells with high FLNA expression 
were associated with immune response or immune cell-related 
functions, while cells with low FLNA expression were linked 
to functions such as cell migration or translation (Figure 5G). 
KEGG analysis further revealed that high FLNA-expressing 
cells were associated with multiple bacterial infection diseases, 
whereas low FLNA-expressing cells were linked to chemokine 
signaling pathways or ribosome-related functions (Figure 5H). 
Cell communication analysis demonstrated that Endothelial 
cells and B cells exhibited the most frequent interactions 
(Figure 5I–5J). Finally, we observed that the M1_FLNA+ 
group exhibited higher numbers and weights of information 
exchange compared to the M1_FLNA- group. The differential 
signaling pathways between the two groups were primarily 
associated with molecules such as growth arrest specific (GAS), 
C-C motif chemokine (CCL), complement, and semaphorins 
4A (SEMA4; Figure 5K).

M1 Macrophages Promote the Progression of DR  To 
validate the previous analysis, we established a DR cell model. 
HRMEC cells were treated with 30 mmol/L (HG) and 5 mmol/L 
(NG) D-glucose, and the expression levels of DR markers IL-6,
IL-1β, and TNF-α were detected using qPCR. The results 
showed that the expression levels of IL-6, IL-1β, and TNF-α 
were significantly higher in the HG group compared to the NG 
group (Figure 6A–6C), indicating the successful construction 
of the DR cell model. DR cells were co-cultured with M1 
macrophages to investigate the effect of M1 macrophages 
on DR progression. Western blot analysis demonstrated that 
compared to the unco-cultured group (DR), co-culturing 
with M1 macrophages (DR+M1 macrophages) promoted the 
expression of FLNA protein (Figure 6D). qPCR results further 
revealed that co-culturing with M1 macrophages increased the 
mRNA expression levels of IL-6, IL-1β, and TNF-α compared 
to the unco-cultured group (Figure 6E–6G). Overall, these 
results suggest that M1 macrophages promote DR progression, 
and FLNA may contribute to the progression of DR.
FLNA Enhances the Effect of M1 Macrophages in 
Promoting DR  In this section, we investigated the 
mechanism underlying the role of FLNA and M1 macrophages 
in the progression of DR. Initially, DR cell lines with 
FLNA overexpression (DR+FLNA-OE) or empty vector 
control (DR+vector) were established, and the efficiency of 
overexpression was validated via Western blotting (Figure 

Figure 6 M1 macrophages promote the progression of DR  qPCR was used to detect the mRNA expression levels of IL-6 (A), IL-1β (B) and 

TNF-α (C) in HG and NG. Western blotting assay to detect the protein expression level of FLNA (D). qPCR was used to detect the mRNA 

expression levels of IL-6 (E), IL-1β (F) and TNF-α (G) in DR and co-culturing with M1 macrophages. bP<0.01, cP<0.001. DR: Diabetic retinopathy; 

IL: Interleukin; TNF: Tumor necrosis factor; FLNA: Filamin A; qPCR: Quantitative real-time polymerase chain reaction; NG: Normal glucose; HG: 

High glucose.
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7A). Subsequently, we co-cultured FLNA-overexpressing 
or empty vector DR cells with M1 macrophages (DR+M1 
macrophages+FLNA-OE, DR+M1 macrophages+vector). The 
expression levels of IL-6, IL-1β, and TNF-α were assessed 
using quantitative PCR. The results demonstrated that FLNA 
overexpression enhances the effect of M1 macrophage co-
culture on increasing the expression levels of IL-6, IL-1β, 
and TNF-α (Figure 7B–7D). Additionally, based on the 
enrichment of the AMPK signaling pathway in previous 
FLNA KEGG analysis, we examined the levels of AMPK and 
its phosphorylation. The findings indicated that both FLNA 
overexpression and M1 macrophage co-culture increased the 
expression of p-AMPK protein, and FLNA overexpression 
further enhanced the effect of M1 macrophage co-culture on 

AMPK phosphorylation (Figure 7E). In conclusion, our results 
suggest that FLNA and M1 macrophages synergistically 
enhance DR progression, potentially through mechanisms 
involving increased AMPK phosphorylation.
DISCUSSION
The global prevalence of DR is approximately 22.27%[1,24], and 
its incidence among patients with DM in China is as high as 
40%[25]. Therefore, improving diagnostic methods for DR and 
exploring its underlying mechanisms are of great significance. 
In this study, we integrated bulk and single-cell transcriptomics 
with machine learning and experimental validation to identify 
FLNA as a key regulator of M1 macrophage-driven DR 
progression, acting through AMPK phosphorylation. 
In our study, we first analyzed differentially expressed genes 

Figure 7 FLNA enhances the effect of M1 macrophages in promoting DR  A: Western blotting assay to detect the overexpression efficiency of 

FLNA; B–D: qPCR was used to detect the mRNA expression levels of IL-6 (B), TNF-α (C) and IL-1β (D); E: Western blotting assay to detect the 

protein expression levels of AMPK and p-AMPK. aP<0.05, bP<0.01, cP<0.001. FLNA: Filamin A; DR: Diabetic retinopathy; IL: Interleukin; TNF: 

Tumor necrosis factor; qPCR: Quantitative real-time polymerase chain reaction; AMPK: AMP-activated protein kinase.
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from the GEO database, comparing data from DR patients, 
normal controls, and DM patients. Through WGCNA, we 
identified three intersecting genes: FLNA, PLEC, and TTYH3. 
Among these, FLNA exhibited the highest predictive importance 
and was predominantly expressed in M1 macrophages. FLNA, 
an actin-crosslinking cytoskeletal protein, functions as a critical 
mediator of mechanotransduction and signal transduction in 
vascular endothelial cells and neurons[26]. Although research on 
FLNA in DR is still emerging, one study identified FLNA as 
a key hub gene in DR pathogenesis using similar approaches, 
such as GEO database mining and protein-protein interaction 
(PPI) analysis[27]. Additionally, a study demonstrated that 
FLNA expression was significantly upregulated in DR model 
mice compared to controls[28], corroborating our experimental 
results. Notably, recent evidence demonstrates that FLNA editing 
in myeloid cells reduces macrophage production of IL-6, IL-1β, 
and TNF-α, directly linking FLNA to macrophage inflammatory 
polarization[23]. Our finding that FLNA overexpression 
enhances M1 macrophage-mediated cytokine production in 
HRMECs extends this paradigm to DR, suggesting FLNA as a 
molecular switch amplifying M1 pro-inflammatory output.
The AMPK signaling pathway emerged as a critical node 
in our KEGG enrichment analysis and was experimentally 
validated. AMPK serves as a master regulator of cellular 
energy metabolism and inflammation, with its phosphorylation 
state dynamically governing macrophage polarization[29]. 
The AMPK/mTORC1 axis counterbalances M1 and M2 
phenotypes: AMPK activation typically favors M2 reparative 
polarization, whereas mTORC1 signaling promotes M1 pro-
inflammatory states. However, our results showed that FLNA 
and M1 macrophage co-culture increased p-AMPK levels 
while exacerbating inflammatory cytokine expression. This 
finding suggests that in the context of FLNA-overexpressing 
HRMECs under hyperglycemic stress, AMPK phosphorylation 
may be decoupled from its canonical anti-inflammatory 
role, potentially through FLNA-mediated scaffolding that 
redirects AMPK signaling toward pro-inflammatory outputs. 
The precise mechanism by which FLNA modulates AMPK 
substrate specificity in macrophage-endothelial crosstalk 
requires further investigation.
In recent years, the promoting role of M1 macrophages in DR 
has been increasingly recognized. Our experimental findings 
similarly demonstrate that M1 macrophages can promote the 
expression levels of pro-inflammatory cytokines such as 
IL-6, IL-1β, and TNF-α, thereby exacerbating the progression 
of DR. Our single-cell analysis confirmed M1 dominance in 
DR retinas, and co-culture experiments demonstrated that M1 
macrophages promote FLNA expression and inflammatory 
cytokine production in HRMECs. This establishes a positive 
feedback loop: hyperglycemia drives M1 polarization, which 

upregulates FLNA, further amplifying AMPK phosphorylation 
and inflammatory output. Several molecules have been 
identified to regulate macrophage polarization, which in turn 
influences the progression of DR. For instance, the absence of 
class A scavenger receptors has been shown to promote M1 
polarization of macrophages, exacerbating DR progression[30]. 
In addition, we found that overexpression of FLNA could 
further enhance the pro-inflammatory effects mediated by 
M1 macrophages, suggesting its potential as a therapeutic 
target for DR. The fat mass and obesity-associated protein 
(FTO) has been demonstrated to inhibit M1 polarization 
of macrophages by upregulating m6A modification levels, 
thereby mitigating DR progression[31]. Researchers have shown 
that IL-10 can promote M2 polarization of macrophages, 
improving vascular leakage and barrier disruption in the retina 
of diabetic mouse models[32]. Additionally, lncRNA cancer 
susceptibility 2 (CASC2) has been found to simultaneously 
suppress M1 polarization and promote M2 polarization, 
thereby exerting dual inhibitory effects on DR progression[33]. 
Therapeutically, targeting the FLNA-AMPK axis offers 
dual benefits: redirecting macrophage polarization while 
alleviating endothelial dysfunction. Nanofiber-based carriers 
reprogramming M1 to M2 macrophages have shown efficacy 
in retinal injury, suggesting that FLNA inhibition might 
similarly redirect macrophage phenotypes. Given FLNA’s 
role in mechanotransduction, targeting this protein could 
simultaneously mitigate hyperglycemia-induced endothelial 
mechanical stress and inflammatory signaling[34].
In the KEGG enrichment analysis of FLNA, we identified the 
AMPK signaling pathway as one of the enriched signaling 
pathways. Subsequent experiments also demonstrated that 
co-culturing FLNA with M1 macrophages increased the 
phosphorylation levels of AMPK, suggesting that FLNA and 
M1 macrophages may promote the progression of DR by 
enhancing AMPK phosphorylation.
This study integrated public datasets and cell experiments to 
elucidate the significant roles of FLNA and M1 macrophages 
in DR, however, it lacked validation using clinical samples 
and in vivo experiments. Moving forward, we plan to conduct 
further investigations in clinical samples and animal models 
to strengthen our findings. Additionally, we have performed 
an initial exploration of the predictive performance of FLNA, 
PLEC, and TTYH3 genes for exogenous DR. Nonetheless, 
the current analysis is limited to public datasets and lacked 
validation with large-scale clinical samples, which may impact 
the stability and reliability of the results. To address this, we 
intend to further validate our findings using multicenter, large-
scale clinical datasets to optimize model construction and 
enhance the stability and reliability of predictive performance. 
The precise mechanism by which FLNA scaffolds AMPK 
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signaling in macrophages requires structural elucidation. 
Future work will utilize animal models and clinical samples to 
validate these mechanisms and assess FLNA as a biomarker 
for DR risk stratification.
In conclusion, this study combined the GEO database and 
WGCNA analysis to identify three key genes, FLNA, PLEC, 
and TTYH3, and evaluated their predictive performance 
using machine learning. Further exploration via single-
cell sequencing revealed the differential expression of these 
three genes in M1 macrophages, with FLNA exhibiting the 
most significant differential expression. Subsequent cellular 
experiments validated the promoting role of M1 macrophages 
and FLNA in DR progression and identified the AMPK 
signaling pathway as playing a critical role in the process 
mediated by FLNA and M1 macrophages. Our findings provide 
new insights into the mechanisms underlying DR development 
and offer novel methods for its diagnostic approaches.
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