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reprogramming mechanisms in 
diabetic nephropathy: a 
comprehensive analysis using 
bioinformatics and machine 
learning

Shan He1, Yi Wei Chen2, Jian Ye1, Yu Wang1*, Qin Kai Chen1* 
and Si Yi Liu1*
1Department of Nephrology, The First Affiliated Hospital, Jiangxi Medical College, Nanchang 
University, Nanchang, China, 2Department of Orthopaedics, Jiujiang University Affiliated Hospital, 
Jiujiang, China

Background: Diabetic nephropathy (DN) is a common complication of diabetes, 
characterized by damage to renal tubules and glomeruli, leading to progressive 
renal dysfunction. The aim of our study is to explore the key role of metabolic 
reprogramming (MR) in the pathogenesis of DN.

Methods: In our study, three transcriptome datasets (GSE30528, GSE30529, and 
GSE96804) were sourced from the Gene Expression Omnibus (GEO) database. 
These datasets were integrated for batch effect correction and subsequently 
subjected to differential expression analysis to identify differentially expressed 
genes (DEGs) between DN and control samples. The identified DEGs were cross-
referenced with genes associated with MR to derive MR associated differentially 
expressed genes (MRRDEGs). These MRRDEGs underwent Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. 
To identify key genes and develop diagnostic models, four machine learning 
algorithms were employed in conjunction with weighted gene co-expression 
network analysis (WGCNA) and the protein interaction tool CytoHubba. Gene 
set enrichment analysis (GSEA) and CIBERSORT analysis were conducted on the 
key genes to assess immune cell infiltration in DN. Additionally, a competitive 
endogenous RNA (ceRNA) network was constructed using the key genes. Finally, 
the expression levels of core genes in human samples were validated through 
quantitative real-time PCR (qRT-PCR).
Results: We identified 256 MRRDEGs, highlighting metabolic and inflammatory 
pathways in DN. KEGG analysis linked these genes to the MAPK signaling 
pathway, suggesting its key role in DN. Six key genes were pinpointed using 
WGCNA, PPI, and machine learning, with their diagnostic value confirmed by 
ROC analysis. CIBERSORT revealed a strong link between these genes and 
immune cell infiltration, indicating the immune response’s role in DN. GSEA 
showed these genes’ involvement in inflammatory and metabolic processes. A 
ceRNA network was predicted to clarify gene regulation. qRT-PCR confirmed
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the expression patterns of CXCR2, NAMPT, and CUEDC2, aligning with 
bioinformatics results.
Conclusion: Through bioinformatics analysis, a total of six potential MRRDEGs 
were identified, among which CUEDC2, NAMPT, CXCR2 could serve as potential 
biomarkers.

KEYWORDS

GEO database, diabetic nephropathy, metabolic reprogramming, bioinformatics, qRT-
PCR 

1 Introduction

  

  

    
  

  

  

   

  

  

    

    

  

  

    

   

2 Materials and methods

2.1 Data acquisition
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TABLE 1  GEO Dataset Information list.

Accession GSE30528 GSE96804 GSE30529

    

 

2.2 Differentially expressed gene analysis

  

    

  

2.3 Weighted gene Co-Expression network 
analysis (WGCNA)

     

  

2.4 Construction of protein-protein 
interaction (PPI) networks
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2.5 Machine learning

  
    

  

2.6 Diagnostic model construction and 
assessment

  

2.7 Immune infiltration analysis

    

  

2.8 Single-sample gene set enrichment 
analysis (ssGSEA)

   

  

2.9 ceRNA networks and validation of key 
gene expression

  

2.10 qRT-PCR experiments

   

2.11 Statistical analysis
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TABLE 2  Primer sequences for quantitative real-time PCR.

Gene Names Forward (5 -3 ) Reverse (3 -5 )

 

3 Results

3.1 Calibration of data set, variance 
analysis, and functional enrichment 
analysis

  

3.2 Weighted gene Co-expression network 
analysis (WGCNA)

    

3.3 Protein-protein interaction (PPI) 
networks
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FIGURE 1
Dataset correction and analysis of differentially expressed genes (A). PCA plot of DN- Datasets before correction. (B) PCA plot of the corrected 
DN-Datasets. (C) Volcano plot of differential analysis results between DN and Control groups in the DN- Datasets dataset. (D) Venn diagram of the 
DEGs and MR. (E) GO enrichment analyses of MRRDEGs. (F) KEGG enrichment analyses of MRRDEGs. DN, Diabetic nephropathy. MR, Metabolic 
reprogramming. GO, Gene ontology. KEGG, Kyoto encyclopedia of genes and genomes. BP, Biological process. CC, Cellular component. MF, 
Molecular function. The screening criteria for GO/KEGG enrichment items were p. Adj <0.05 and FDR value (q. value) < 0.25, and the p value correction 
method was Benjamini–Hochberg (BH).
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FIGURE 2
The WGCNA analysis and identification of MRRDEGs (A). The soft threshold power and the mean connectivity of WGCNA. (B) Clustering dendrogram 
of genes. (C) A cluster tree. (D) Gene dendrograms from average linkage hierarchical clustering. (E) Module-trait relationships. (F) Venn diagram of the 
MRRDEGs and module genes. MRRDEGs, Metabolic reprogramming related differentially expressed genes. WGCNA, Weighted Gene Co-expression 
Network Analysis.
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FIGURE 3
Identification of mitochondria-related DEGs (A). PPI networks of overlapping MRRDEGs constructed in the STRING database. (B) Venn diagram of hub 
MRRDEGs identified by two different algorithms in Cytohubba (MCC and Degree).

3.4 Machine learning

 

3.5 Diagnostic model construction and 
evaluation

   

3.6 Immune infiltration analysis
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FIGURE 4
Construction of machine learning models (A). Confidence intervals for error rates of random forest models (B). The relative importance of genes in 
random forest models. (C) Boxplots showed the residuals of SVM model. (D) Cumulative residual distribution of SVM model. (E) ROC analysis of SVM 
and RF models based on five-fold cross-validation in the testing cohort. (F) The important features in SVM models. DN, Diabetic nephropathy. SVM, 
Support Vector Machine.
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FIGURE 5
Identification of key MRRDEGs (A). The feature gene importance for the XGB model. (B) Statistical graph of variable contribution in SHAP analysis. (C)
Boxplots showed the residuals of GLM model. (D) Cumulative residual distribution of GLM model. (E) ROC analysis of GLM and XGB model based on 
five-fold cross-validation in the testing cohort. (F) The important features in GLM models. DN, Diabetic nephropathy. XGB, eXtreme Gradient Boosting. 
GLM, Generalized Linear Model.
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FIGURE 6
Construction of nomogram model (A). Nomogram. (B) ROC analysis of CXCR2, ATF3, and GDF15. (C) ROC analysis of CEBPD, CUEDC2 and NAMPT.
(D) calibration curve. (E) DCA curves. (F) CIC curve. DCA, decision curve analysis; CIC, clinical impact curve.
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3.7 Single-sample gene set enrichment 
analysis (ssGSEA)

  

3.8 ceRNA networks and expression 
verification

  

3.9 qRT-PCR

  

4 Discussion
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FIGURE 7
Immune cell infiltration analyses (A). Immune cell distribution map in DN. (B) boxplot showing the comparison of 22 kinds of immune cells between 
DN and the control group. (C) heatmap representing the associations of the differentially infiltrated immune cells with immune cells. (D) heatmap 
representing the associations of the differentially infiltrated immune cells with the six hub genes. (E) Scatter plot of correlation between NAMPT and 
immune cell. (F) Scatter plot of correlation between CUEDC2 and immune cell. DN, Diabetic nephropathy. The symbol   is equivalent to P < 0.05, 
which is statistically significant. The symbol   is equivalent to P < 0.01, which is highly statistically significant. The symbol   is equivalent to P < 0.001 
and highly statistically significant.
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FIGURE 8
GSEA of DN Datasets dataset (A). GSEA for the AFT3 in DN. (B) GSEA for the CEBPD in DN. (C) GSEA for the CUEDC2 in DN. (D) GSEA for the CXCR2 in 
DN. (E) GSEA for the GDF15 in DN. (F) GSEA for the NAMPT in DN. GSEA, Gene set enrichment analysis. DN, Diabetic nephropathy. The screening 
criteria of gene set enrichment analysis (GSEA) were p. Adj< 0.05 and FDR value (q value) < 0.25.
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FIGURE 9
ceRNA network and expression verification. (A) ceRNA network of key genes. (B) Expresion level of key genes in DN_datasets. ceRNA, competing 
endogenous RNA. DN, Diabetic nephropathy. The symbol   is equivalent to P < 0.05, which is statistically significant. The symbol   is equivalent to P < 
0.01, which is highly statistically significant. The symbol   is equivalent to P < 0.001 and highly statistically significant.

FIGURE 10
qRT-qPCR. (A-F) RT-qPCR validation of relative expression of key genes. The symbol   is equivalent to P < 0.05, which is statistically significant. The 
symbol   is equivalent to P < 0.01, which is highly statistically significant. The symbol   is equivalent to P < 0.001 and highly statistically significant.
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5 Conclusion
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