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Background: The prognosis of diabetic nephropathy is poor, and early diagnosis of diabetic 
nephropathy is challenging. Fortunately, searching for DN-specific markers based on 
machine algorithms can facilitate diagnosis.
Methods: xCell model and CIBERSORT algorithm were used to analyze the relationship 
between immune cells and DN, and WGCNA analysis was used to evaluate the regulatory 
relationship between hypoxia gene and DN-related immune cells. Lasso regression and ROC 
regression were used to detect the ability of core genes to diagnose DN, the PPI network of 
core genes with high diagnostic ability was constructed, and the interaction between core 
genes was discussed.
Results: There were 519 differentially expressed genes in renal tubules and 493 differen
tially expressed genes in glomeruli. Immune and hypoxia responses are involved in the 
regulation of renal glomerulus and renal tubules. We found that there are 16 hypoxia-related 
genes involved in the regulation of hypoxia response. Seventeen hypoxia-related genes in 
renal tubules are involved in regulating hypoxia response on the proteasome signal pathway. 
Lasso and ROC regression were used to screen anoxic core genes. Further, we found that 
TGFBR3, APOLD1, CPEB1, and KDR are important in diagnosing DN glomerulopathy, 
respectively, PSMB8, PSMB9, RHOA, VCAM1, and CDKN1B, which have high specificity 
for renal tubulopathy in DN.
Conclusion: Hypoxia and immune reactions are involved in the progression of DN. T cells 
are the central immune response cells. TGFBR3, APOLD1, CPEB1, and KDR have higher 
diagnostic accuracy in the diagnosis of DN. PSMB8, PSMB9, RHOA, VCAM1, and 
CDKN1B have higher diagnostic accuracy in DN diagnosis.
Keywords: diabetic nephropathy, early diagnosis, LASSO model, T cells, WGCNA, 
hypoxia

Introduction
Diabetic nephropathy (DN) is a chronic vascular complication of diabetes, account
ing for 40–50% of diabetic patients,1 with a large population base, easy to develop 
into proteinuria and terminal stage, poor prognosis. At present, the pathogenesis of 
DN is not clear, so it is necessary to study the mechanism.

Glucose utilization in diabetes is impaired.2 With the increase of glucose in the 
urinary system, mesangial cells and podocytes are exposed to high glucose, and the 
inhibition of aerobic metabolism leads to cell damage in a hypoxic environment; 
this leads to the damage to the basement membrane and the exposure of protein and 
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other macromolecular substances, and the formation of 
proteinuria.3 For example, recent studies have shown that 
hypoxia is a critical factor in tubular atrophy and renal 
interstitial fibrosis.4 In addition, hypoxia or ischemic stress 
can also affect various kidney diseases, such as renal 
cortex or medulla hypoxia can lead to tissue damage and 
cause acute and chronic kidney disease development.5–7 In 
kidney disease hypoxia, the research found that the glo
merulus and renal tubular injury have different regulatory 
roles, suggesting that hypoxia is emerging as a new renal 
lesion mechanism. In addition, a large number of studies 
have confirmed that immunity is the crucial factor of 
kidney disease.8–10 Based on the existing studies of 
hypoxia immunity in kidney disease, this study con
structed the diagnosis model of hypoxia and immune state- 
related DN, and it is expected to be used in the early 
clinical diagnosis of DN shortly. At the same time, studies 
have shown that almost all kidney diseases exhibit cyto
kine expression and infiltration of immune cells, suggest
ing that the kidney targets the immune response.

Moreover, hypoxia is now being considered as 
a potential immunomodulator. In cancer research, the rela
tionship between hypoxia and the regulation of immune 
function has been proved. There is potential value in 
investigating the potential diagnostic genes for DN based 
on the correlation between hypoxia and the immune 
response.

As a clinical diagnosis, clinical studies have shown that 
renal biopsy is the gold standard for diagnosing renal 
diseases.11,12 However, there are few clinical applications 
for early diagnosis as an invasive procedure,13 making 
early diagnosis difficult. The current noninvasive diagno
sis lacks creatinine sensitivity. Massive proteinuria and 
end-stage proteinuria account for the vast majority of 
DN. The prognosis is very limited.14 This study explores 
the potential diagnostic genes for DN based on the corre
lation between hypoxia and immune response to address 
this dilemma to some extent. We believe that the hypoxia 
diagnostic gene is expected to be used as an early diag
nostic tool for DN. It is beneficial to the early diagnosis of 
DN. Studies have shown that early diagnosis can help to 
improve patients’ quality of life.15,16 In addition, based on 
the gene expression profiling data of DN, we designed to 
study the molecular changes and biological mechanisms of 
DN-induced glomerular and tubular lesions. In order to 
early diagnose DN patients, we used the combination of 
the LASSO model and ROC curve regression (ROC) to 
predict the specific diagnostic gene of DN and validated it 

with external data to identify the early diagnostic molecule 
of DN.

Materials and Methods
Data Collection
The study was based on data from the http://www.ncbi. 
nlm.nih.gov/go/ Database provided by the public dataset. 
Besides, GSE30122 data17 as the experimental data set, in 
which 9 cases of DN patients with glomerular specimens 
and 26 normal controls of glomerular specimens, there are 
24 normal controls of renal tubular, and the 10 DN patients 
were all renal biopsy specimens. In addition, the 
GSE96804 data18 was used as the validation data set, 
including glomerular tissues of 41 DN patients and 20 
normal controls, including glomerular tissues of 41 DN 
patients and 20 normal controls. The control group met the 
following criteria: estimated renal function above 90 mL/ 
min, no proteinuria, normal serum creatinine, urea nitro
gen. According to clinical and pathological features, DN 
patients were divided into early DN Group (n = 20, EGFR 
> 60 mL/min, glomeruli classified as class I or IIA) and 
late DN Group (N = 21, EGFR between 15 mL/min and 
60 mL/min, glomeruli classified as class III or IV). In 
addition, in the GSE30529 dataset,17 10 renal tubular 
specimens were from DN patients and 12 normal controls. 
Kidney specimens GSE30529 and GSE30122 were 
obtained from living donor renal allografts, surgical 
nephrectomy, and remnants of a diagnostic renal biopsy, 
respectively. As for the GSE142025 database,19 from 
January 2015 to December 2016, a total of 28 biopsied 
diabetic nephropathy patients were admitted to the sixth 
People’s Hospital affiliated to Shanghai Jiao Tong 
University. According to the guidelines of the local ethics 
committee, kidney tissue is collected through ultrasound- 
guided kidney biopsies with informed consent. The sam
ples were early DN (N = 6) and late DN (n = 22). The 
early DN was defined as UACR ranging from 30 to 
300 mg/g, EGFR as 90 mL/min/1.73 m2, and the early 
DN as UACR 300 mg/g, EGFR 90 mL/min/1.73 m2.

Analysis of Differentially Expressed 
Genes in DN
Firstly, gene expression profiles of DN group and control 
group were established. Then, in the GSE30122, 
GSE96804 and GSE30529 gene expression data sets, the 
differences between DN Group and control group were 
analyzed by using R (version 4.0.3, X64) software, 
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“Limma” R package, and the screening conditions were 
set as LogFC >1, P < 0.05.

GO Enrichment and KEGG Pathway 
Analysis
GO is a database jointly established by gene ontology to 
screen protein groups in GO annotation based on P < 0.05, 
the purpose of this study is to establish a semantic lexical 
standard that can be applied to various species and to 
define and describe the significance of biological functions 
of genes and proteins with P values. GO can be divided 
into three categories: molecular functional (MF), biologi
cal process (BP) and cell component (CC), through which 
the functions of genes can be defined and described in 
a variety of ways. Based on the annotation co-degree, the 
annotated terms are clustered, and the cluster values are 
given by using the modulus and clustering algorithm. The 
higher the score, the more prominent the gene is on the 
gene list. In addition, KEGG is an integrated database that 
integrates genomic, chemical and systemic functional 
information on the genetic pathways of different species. 
Using R cluster Profiler Package “org.Hs.eg.db”. Protein 
functional groups in KEGG annotation were screened by 
using P-value (P < 0.05), respectively. Based on the 
enrichment analysis of serviceable items, the potential 
targets of autophagy genes were investigated for their 
biological functions and involved biological pathways. In 
our study, GO enrichment analysis and KEGG pathway 
analysis and visualization were performed utilizing R. It 
was considered a significant difference in P < 0.05.

Co-Expression Analysis
Based on the results of differential analysis of glomerular 
and tubular gene expression of DN patients with 
GSE30122 database, we further used weighted co- 
expression network analysis (WGCNA). The co- 
expression network of DN associated DEGs in 
GSE30122 was determined. Using R (version 4.0.3, X64) 
software. WGCNA package was installed to analyze the 
co-expression of differentially expressed genes. In the 
calculation, we use multi-thread work, set the power func
tion index range to 1:20, calculate the dependency matrix: 
“ai, j = | Cor (i, J) | β”, determine the best β value, and then 
calculate the module gene number according to the simi
larity between two genes by topological overlap (TOM), 
then the hierarchical clustering analysis is carried out, 
through the transformation of the dissimilarity between 

genes, the gene clustering tree is obtained, and the 
dynamic hybrid cutting algorithm is used to cut the gene 
clustering tree, and the gene number of each module is set 
to 50, so we can divide the identical genes into the same 
modules. Finally, we merge very similar modules through 
module exigencies (ME).

LASSO and ROC Regression
For the diabetic nephropathy genes related to hypoxia, we 
used LASSO regression analysis, R (version 4.0.3, X64) 
software, installed “planet” R software package, set “alpha 
= 1”, set “Family = binomial” to the binary variable of this 
study, the training and validation set ratio was 3:7, with the 
optimal λ value was calculated. Core genes for the ability 
of differential genes to diagnose DN were screened. 
Besides, core genes obtained from LASSO regression 
screening of GSE30122, GSE96804 and GSE30529 data
sets were analyzed by ROC regression analysis using 
“pROC” R software package. The AUC gene with 
a mean value greater than 0.6 was identified as the key 
gene using “ggplot2” R software package.

Correlation Between Immune Cell Status 
and DN-Related Differentially Expressed 
Genes
The correlation between DEGs of DN and immune cells 
was analyzed using the CIBERSORT algorithm (http:// 
cibersort.stanford.edu/); it is a method of correlation cal
culation based on the LM22 dataset, LM22 is an approach 
to accurately differentiate 22 human hematopoietic cell 
phenotypes, including B cells, T cells, natural killer (NK) 
cells, macrophages, dendritic cells (DCs), and myeloid 
subsets. A deconvolution algorithm published by 
Alizadeh et al quantifies the cellular components of 
a rich gene expression profiling—using the CIBERSORT 
algorithm to evaluate the relative fraction of DN and 22 
kinds of immune cells.

Figure 1D shows 22 kinds of immune cells and renal 
tubular differentially expressed genes. Statistical proces
sing uses the “CIBERSORT” R package for correlation 
analysis. Blue indicates a positive correlation between the 
two variables, and red indicates a negative correlation. The 
deeper the color, the more significant the correlation of 
variables; here, the color represents R-value from −1 to 
+1, positive correlation, negative correlation; the blue and 
noon filling charts show a positive correlation between the 
two variables, while the red and anticlockwise direction 
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charts show a negative correlation. The lower left-hand 
corner of the correlation coefficient test set P < 0.05 for 
a significant correlation, no statistical significance of the 
“×” symbol. The immune and DN, the GSE142025 data
base, was selected to explore the immune cells and DN 
relationship. The quantity of DN-related gene expression 
was obtained by differential analysis using the “limma” 
package in the R software for the DN transcription data 
set. It then evaluated the correlation between gene expres
sion and immune cell expression by combining differential 
gene expression with the xCell (https://xcell.ucsf.edu/) 
algorithm. xCell is a recently published method based on 
ss-GSEA that estimates the abundance score of 64 immune 
cell types, including adaptive and innate immune cells, 

hematopoietic progenitors, epithelial cells, and extracellu
lar matrix cells. In our study, we used this algorithm to do 
immune correlation analysis to get the results of immune 
gene enrichment. Furthermore, in this study Figure 2A, the 
Y-axis shows the predicted percentage of immune cells in 
each sample.

PCA Analysis
Principal component analysis (PCA)20 is a method that 
uses an orthogonal transformation to transform the 
observed values of a series of variables that may be related 
linearly and then project the values of a series of linearly 
unrelated variables to make statistical analysis and sim
plify the data set. Move the Axis Center to the center of 

Figure 1 (A) Immunologic correlation analysis of glomerular tissues in patients with DN; (B) Immunologic correlation analysis of renal tubular tissues in patients with DN; 
(C) Correlation analysis of differential immunocytes in the glomeruli of patients with DN; (D) For the tubules of patients with DN, with the correlation analysis of 
differential immunocytes.

https://doi.org/10.2147/JIR.S341032                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 6874

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://xcell.ucsf.edu/
https://www.dovepress.com
https://www.dovepress.com


Figure 2 (A) xCell model of DN, kidney tissue data of GSE142025 was based on 64 immunocyte phenotypes to verify the expression of immune cells after DN; (B) 
Expression of many immune cells after DN.
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the data, and then rotate the axis so that the variance of the 
data on the C1 axis is the largest; that is, the projection of 
all n data individuals in that direction is the most scattered. 
This means more information is kept. C1 becomes the first 
principal component. C 2-second principal component: 
find a C 2 with a covariance (correlation coefficient) of 0 
between c 2 and C 1 to avoid overlapping with c 1 infor
mation and maximize the variance in that direction. In this 
paper, we use this method to perform log2N (normaliza
tion) after merging the random GSE99340 and GSE30529 
samples and use PCA to visualize the normalized results 
after data correction and verify the diagnostic ability of 
DN with the merged standardized data set.

Results
xCell Model T Cells Participate in the 
Regulation of DN
xCell model was based on 64 immune cell phenotypes to 
validate the DN association. The results showed that mul
tiple immune cells were significantly upregulated 
(Figure 2A) after renal injury, with the T cell subtypes 
Tregs, Th1, Th2, NKT, CD4 + and CD8 + were signifi
cantly different (P < 0.05), Tregs, Th2 were significantly 
down-regulated (P < 0.05), Th1 NKT, CD4 + and CD8 + 
subtypes were significantly upregulated (P < 0.05), which 
indicated that T cells participated in DN regulation. 
Different subtypes showed different changes (Figure 2B). 
Besides, the study is shown in Figure 3.

Cellular Immunity is Associated with DN
Glomerulus and renal tubules in the nephron of diabetes 
mellitus have different degrees of pathological changes 
after secondary renal disease. Based on the CIBERSORT 
algorithm, 22 kinds of immune cells changed after DN and 
tubulopathy were predicted. However, the changes of 22 
kinds of immune cells were different, for the immune cells 
in the DN group were significantly changed (P < 0.05). 
Principal component analysis (PCA) showed significant 
differences between the immune cells in the DN group 
and those in the control group. There was a negative 
correlation between macrophages and various immune 
cells (Figure 1A and C). In addition, some immune cells 
in the DN group were different from those in the control 
group (P < 0.05). Most of the immune cells were the same 
as normal controls, mainly represented by T cell lines and 
B cell lines. Macrophage cell lines were negatively corre
lated with many immune cells (Figure 1B and D).

Activation of T Cell Lines in DN is 
Associated with Hypoxia
There were 503 hypoxia-related genes in the human dis
ease spectrum downloaded from the UniProt database. In 
addition, 519 differentially expressed genes in the renal 
tubules and 493 differentially expressed genes in the glo
merular tissues of the GSE30122 samples were obtained 
by differential analysis. Veen analysis of hypoxia-related 
genes and DN differentially expressed genes showed that 
the total number of hypoxia genes was A (value 503) and 
the glomerular differentially expressed genes was B (value 
493). In patients with DN, the number of hypoxia- 
associated genes in the glomerulus is set to C, so the 
formula for calculating the proportion of hypoxia genes 
in the glomerulus is C=16/A+B*100%. The results 
showed no significant difference in the number of genes 
in the renal tubules and the number of genes in the glo
merular tissues of the GSE30122 sample. Using Venn 
diagram analysis, 17 anoxic genes were found in renal 
tubular samples associated with DN, which plays an 
anoxic response and is mainly enriched in the phagocytic 
signalling pathway (Figure 4A–C). Sixteen hypoxia genes 
were involved in hypoxia response and enriched in the 
HIF1 signalling pathway (Figure 4–F) in glomerular sam
ples, which were related to DN.

Hypoxia Differentially Expressed Genes 
Can Activate Some Immune Cells in the 
Process of DN
During the process of DN, the major immune cells of the 
glomeruli, such as T cells, T cell CD8, T cell CD4 sub
types, dendritic cells, eosinophil granulocyte, macrophage 
subtypes, plasma cells, neutrophil, mast cells, were sig
nificantly changed (Figure 5, P < 0.05), and renal tubular 
cells affected neutrophil, T cells CD4 and natural killer 
cell (Figure 5, P < 0.05).

Hypoxia-Associated Genes, TGFBR3, 
APOLD1, CPEB1 and KDR, Have High 
Diagnostic Accuracy in Glomerulopathy 
of DN
Four genes associated with hypoxia, TGFBR3, APOLD1, 
CPEB1, and KDR, were screened by LASSO regression and 
ROC regression to evaluate the accuracy of diabetes melli
tus. The results showed that there were significant changes 
in TGFBR3, APOLD1, CPEB1, and KDR after DN. For 

https://doi.org/10.2147/JIR.S341032                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 6876

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


further ROC regression, the diagnostic ability of the four 
genes was evaluated. In the test GSE30122 dataset, the 
AUC values of TGFBR3 (0.559), APOLD1 (0.818), 
CPEB1 (0.661), and KDR (0.514); Besides, to validate the 
results of a test set, the GSE96804 dataset was used to 
evaluate the diagnostic ability of glomerulopathy of DN, 
and it turns out that the AUC values of TGFBR3 (0.915), 
APOLD1 (0.606), CPEB1(0.676), and KDR (0.818); The 
results showed that average diagnostic accuracy of these 
four genes (TGFBR3, APOLD1, CPEB1, and KDR) was 
0.737, 0.712, 0.669 and 0.666 (Figure 6A–D). Further evi
dence confirming hypoxia-related genes TGFBR3, 
APOLD1, CPEB1, and KDR can play a significant diagno
sis of glomerulopathy of DN. GSE30528 database also is 
used to evaluate the diagnostic accuracy by ROC regression; 
meanwhile, studies have shown that podocyte plays 

a crucial role in the normal functioning of glomerulus, and 
its damage will lead to the destruction of glomerulus func
tion. Therefore, we selected diabetic nephropathy podocyte 
transcriptomic data set GSE46897 to verify the diagnostic 
ability of TGFBR3, APOLD1, CPEB1, and KDR genes. It 
is shown that in the glomerular transcriptomic dataset 
GSE30528, the diagnostic AUC values of TGFBR3, 
APOLD1, CPEB1, and KDR genes were 1.00, 0.915, 
0.983, and 0.812 (Figure 7A), respectively, and were sig
nificantly down-regulated in the DN group (Figure 7B–E), 
showing the high diagnostic ability for glomerular injury. 
Meanwhile, in podocyte transcriptomic dataset GSE46897, 
the DIAGNOSTIC AUC values of TGFBR3, APOLD1, 
CPEB1, and KDR genes were 0.875, 0.750, 0.625, and 
0.625 (Figure 7F), respectively, showing the same high 
diagnostic ability. In conclusion, TGFBR3, APOLD1, 

Figure 3 Identification of potential diagnostic biomarkers of DN.
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Figure 4 (A) Intersection of differential genes in renal tubular tissues and hypoxia gene in human diseases in DN samples from GSE30122; (B) Enrichment and analysis of 
renal tubular differential gene and hypoxia intercross gene function; (C) Enrichment analysis of renal tubular differential gene and anoxic cross signal pathway; (D) Genetic 
Intersection of differential genes in renal globe tissue of DN patients in the GSE30122 sample and occurrence of hypoxia gene in human diseases in UniProt database; (E) 
Enrichment analysis of differential gene and hypoxia intersection signal pathway in renal gullet; (F) Enrichment analysis of renal tubular differential gene and anoxic cross 
signal pathway in which the HIF-1 signal pathway is the main enriched signal pathway of renal tubular differential gene (pink box).
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Figure 5 (A) Analysis of the relationship between hypoxia heterogeneity gene and immune cells in glomerular tissues of DN patients. (B) Analysis of the relationship 
between a hypoxic-heterogeneous gene in renal tubular tissues and immune cells in patients with DN.
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CPEB1, and KDR have the potential diagnostic ability for 
glomerular injury in DN.

Hypoxia-Associated Genes, PSMB8, 
PSMB9, RHOA, VCAM1, and CDKN1B, 
Have High Diagnostic Accuracy for DN 
with Tubular Injury
To evaluate the accuracy of differential gene diagnosis of 
renal tubular hypoxia based on LASSO regression and 
ROC regression analysis, five hypoxia-associated genes, 
PSMB8, PSMB9, RHOA, VCAM1, and CDKN1B, were 
screened by LASSO regression. For the diagnostic, in the 
test GSE30122 dataset, the AUC values of PSMB8 
(0.988), PSMB9 (0.996), RHOA (0.950), VCAM1 
(0.900) and CDKN1B (0.888); besides, to validate the 
results of test set, GSE30529 dataset was used to evaluate 

the diagnostic ability of tubular injury of DN, and it turns 
out that the AUC values of PSMB8 (0.992), PSMB9 
(0.975), RHOA (0.950), VCAM1 (0.925) and CDKN1B 
(0.825); the results showed that their average diagnostic 
accuracy of these five genes, PSMB8 (0.990), PSMB9 
(0.986), RHOA (0.950), VCAM1 (0.913) and CDKN1B 
(0.857), the diagnostic accuracy of these five genes is 
extremely high (AUC > 0.8) (Figure 8A–D). In order to 
obtain more evidence to support the high diagnostic value 
of PSMB8, PSMB9, RHOA, CDKN1B, and VCAM1 
genes in renal tubule injury in diabetic nephropathy, we 
normalized and clustered renal tubule transcriptomic data
sets GSE30529 and GSE99340 as renal tubule transcrip
tomic datasets after PCA (Figure 9A and B). The 
diagnostic AUC values of 5 genes were verified, and the 
results showed that the diagnostic AUC values of PSMB8, 
PSMB9, RHOA, CDKN1B, and VCAM1 genes were 

Figure 6 (A and B) Lasso regression analysis to screen the better genes for differential diagnosis of glomerular hypoxia in DN; (C) The GSE30122 data set was used to 
assess the accuracy of further diagnosis of glomerular hypoxia genes in patients with DN after screening with LASSO regression; (D) The experimental set was used to 
assess the accuracy of further diagnosis of glomerular hypoxia genes in patients with DN after screening with LASSO regression.

https://doi.org/10.2147/JIR.S341032                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 6880

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


0.827, 0.821, 0.780, 0.768, and 0.693 (Figure 9C), respec
tively. Meanwhile, all five genes were significantly upre
gulated in the DN group (Figure 9D–H), demonstrating 
high diagnostic capacity for glomerular injury. Literature 
indicates that mesangial cells play an irreplaceable role in 
the morphological and functional maintenance of renal 
tubules, and the loss of mesangial cells will lead to the 

destruction of renal tubules. We verified that PSMB8, 
PSMB9, RHOA, and CDKN1B gene expressions were 
significantly upregulated in the mesangial cell transcrip
tomic dataset GSE52734. However, VCAM1 gene expres
sion was not found in this dataset (Figure 9I–L). These 
results further provide evidence for PSMB8, PSMB9, 
RHOA, and CDKN1B genes as markers of renal tubular 

Figure 7 (A) ROC analysis of TGFBR3, APOLD1, CPEB1 and KDR in glomerular transcriptome data; (B–E) Corrected transcriptome expression of TGFBR3, APOLD1, 
CPEB1 and KDR; (F) ROC analysis of TGFBR3, APOLD1, CPEB1 and KDR in podocyte transcriptome expression data. *P<0.05; **P<0.01.
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injury in potential diabetic nephropathy. Whether the 
VCAM1 gene is not expressed in mesangial cells needs 
to be further explored in the future.

Significant Differentially Expressed Genes 
in DN Can Activate Immune Cells
Anoxic genes affect the immune state of DN after glomerular 
injuries, such as T cells, T cells CD8, T cell CD4 subtypes, 
dendritic cell, eosinophil granulocyte, macrophage subtypes, 
plasma cells, neutrophil, and mast cells WGCNA confirmed 
enrichment in the tan-colored module of hypoxia-mediated 
renal tubular differential gene expression data of DN 
(Figure 10A–D); In addition, renal tubular hypoxia was influ
enced by major immune cell neutrophil, T cell CD4 and 
natural killer cell tested by WGCNA to verify that the related 
genes were enriched in cyan and gray modules 
(Figure 10E–H).

T Cell Involvement in the Regulation of 
DN Glomerulopathy is Associated with 
the Interaction of Hypoxia-Related Genes 
TGFBR3, APOLD1, CPEB1, and KDR
Based on WGCNA screening the expression of TGFBR3, 
APOLD1, CPEB1, and KDR-related genes in glomerular 
tissue, the results showed that the expression of TGFBR3, 
APOLD1, CPEB1, and KDR-related genes in glomerular 
tissue could be correlated with the expression of TGFBR3 
and KDR, APOLD1 and CPEB1 in glomerular tissue 
(Figure 11A–D). The expression of hypoxia gene KDR and 
TGFBR3 in turquoise module and the changes of T cell line 
and macrophage cell line were observed. It is suggested that 
KDR and TGFBR3 may be involved in the regulation of the 
DN immune response; the mechanism is related to the immune 
regulation of both T cells and macrophages (Figure 10D). 
Meanwhile, the T cell line and macrophage line of APOLD1 
and CPEB1 also changed in the Brown module. We speculate 
that APOLD1 and CPEB1 may participate in the immune 
reaction process (Figure 10D). In order to explore the regula
tion mechanism of TGFBR3 and KDR, APOLD1 and CPEB1 
in turquoise module and brown module on DN immune 
response, Student’s t-test (P < 0.01) (Figure 11A–F) was 
used to screen TGFBR3 and KDR in turquoise module and 
Brown module, the relationship between KDR and CPEB1 
was analyzed statistically. The results showed that KDR could 
initiate the secondary regulatory network, which is mediated 
by NPSHI gene, and TGFBR3 can participate in BMP7 and 
BMP2, the results showed that CTGF, DCN, and CPEB1 were 

involved in the immunoregulation of DN by T cells and 
macrophages, the interaction of CTGF and DCN with 
MANSC1 and the interaction of CPEB1 with MAP1B, and 
plays a certain role (Figure 11G).

T Cells are Involved in DN Regulation 
and are Associated with Hypoxia-Related 
Genes PSMB8, PSMB9, RHOA, VCAM1, 
and CDKN1B
Based on WGCNA screening the gene expression of T cell 
line corresponding to hypoxia-associated genes PSMB8, 
PSMB9, RHOA, VCAM1 and CDKN1B in renal tubules 
(Figure 10E–H), the results showed that the expression of 
hypoxia gene CDKN1B and RHOA in blue module and 
the changes of T cell line and neutrophil cell line were 
observed, which suggested that CDKN1B and RHOA may 
be involved in the regulation of DN immune response, the 
mechanism is related to the immune regulation of both 
T cells and neutrophils (Figure 10G and F). The T cell line 
and neutrophil line of PSMB8 and PSMB9 also changed in 
a turquoise module. We speculate that PSMB8 and 
PSMB9 may participate in the immune reaction process, 
and the VCAM1 also plays a role in a grey model 
(Figure 10G and F). To explore the regulation mechanism 
of PSMB8, PSMB9, RHOA, VCAM1, and CDKN1B in 
turquoise, blue and grey modules on DN immune 
response. Using Student’s t-test (Figure 12A–J) (P < 
0.01) to screen PSMB8 and PSMB9 in a turquoise module 
and the role of RHOA and CDKN1B in a blue module, 
with the VCAM1 in a grey module, the relationship 
between PSMB8, PSMB9, RHOA, VCAM1, and 
CDKN1B was analyzed statistically, and the genes with 
correlation regulation were selected and analyzed by PPI 
database. Furthermore, the genes with correlated regula
tion were selected for PPI analysis using the STRING 
database (https://www.string-db.org/). The results showed 
that RHOA, VCAM1, CDKN1B, PSMB8, and PSMB9 are 
related to each other (Figure 12K), suggesting that the 
anti-DN immunoregulation mechanism is used of T cells 
and centrocytes is related to the interaction of RHOA, 
VCAM1, CDKN1B, PSMB8, and PSMB9.

Discussion
DN is a chronic microvascular disease caused by 
diabetes.21 Early diagnosis of DN is beneficial to the 
treatment. In this way, people will get the long-term 
improvement of life quality. Traditional indicators of 
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Figure 8 (A and B) Lasso regression analysis to screen the better genes for differential gene diagnosis of DN; (C) GSE30122 data set based on the further diagnostic 
accuracy of the gene for tubular hypoxia in patients with DN after screening by LASSO regression. (D) GSE96804 data set based on the further diagnostic accuracy of the 
gene for tubular hypoxia in patients with DN after screening by LASSO regression.
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renal function, such as eGFR, creatinine nitrogen levels, 
and 24-hour proteinuria, still play an essential role. 
However, some studies have pointed out that the ability 

to assess disease diagnosis using only renal function indi
cators is limited,22–24 and DN kidney injury is not limited 
to the glomerulus. Renal tuberosity may also occur in 

Figure 9 (A and B) PCA analysis of GSE99340 and GSE30529; (C) ROC analysis of PSMB8, PSMB9, RHOA, CDKN1B and VCAM1 in renal tubular transcriptome data; (D– 
H) Corrected transcriptome expression of PSMB8, PSMB9, RHOA, CDKN1B and VCAM1; (I–L) Corrected transcriptome expression of PSMB8, PSMB9, RHOA and 
CDKN1B in mesangial cell transcriptome expression data. *P<0.05; **P<0.01.
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Figure 10 (A–D) Uses WGCNA to test the concentration of immune cells in glomeruli of DN; (E–H) WGCNA tests the concentration of immune cells in renal tubules of 
DN.
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patients with renal disease. The study found that hypoxia 
and immune-mediated inflammation play a role in the 
regulation of diabetic renal damage, of which immune 
cells can take part in the progress of DN, hypoxia and 
inflammation were involved in the immunoregulation of 
DN, with highly specific hypoxia-related genes could be 
used for the diagnosis of DN.

It has been found that the immune ability of diabetic 
patients is weak, among which is the function of 
T lymphocyte. Immunoglobulin and NK cell activity is 
generally decreased, and there are both cellular and 
humoral immune deficiency.25,26 DN is a chronic vascular 
response secondary to diabetes. T cells play a significant 
role in immune regulation, of which Th1 cells can be 

Figure 11 (A and B) Gene interaction of hypoxia-associated genes CDKN1B and RHOA in the blue module corresponding to T cell line; (C) Expression of hypoxia- 
associated genes VCAM1 in the grey module; (D–F) Gene expression of the T cell line corresponding to the cyan module of hypoxia-associated genes PSMB8 and PSMB9 in 
renal tubules; (G) Gene interaction of the T cell line corresponding to hypoxia-associated genes PSMB8, PSMB9, RHOA, VCAM1 and CDKN1B in renal tubules.
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Figure 12 (A–D) Gene interaction of cell line corresponding to the brown module in the hypoxia-associated genes APOLD1 and CPEB1; (E–J) Expression of TGFBR3 and 
KDR-related T cell lines in the glomerulus, (K) Interaction of TGFBR3 and KDR related T cell lines in the glomerulus.
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induced to form macrophage M1. It can secrete TNF-α, 
IL-1β, and IL-12 to promote the inflammatory reaction of 
Th1 cells.27 Moreover, Treg cells are an essential subgroup 
of T cells, which can regulate the activity of various 
immune cells and protect normal tissues and organs from 
immune injury.28 According to the site of formation. Treg 
cells are innate regulatory T cells derived from the initial 
T cells and induced T cells derived from peripheral blood. 
TGF-β maintained at high concentrations inhibits the 
secretion of inflammatory cytokines (INF-γ and IL-2) 
and promotes the differentiation of initial T cells into 
Tregs. In this study, the cell model predicted the down
regulation of Tregs and Th2, up-regulation of Th1 cells 
and NKT and antigen-presenting cells, further analysis of 
the glomerular and tubular immunocyte phenotypes by the 
CIBERSORT model revealed an up-regulation of M1 
expression in macrophages after glomerulopathy, which 
indicates that glomerular lesions are most likely to differ
entiate with Th1 cells to form macrophage M1 after glo
merulopathy. Besides, the activation of antigen-presenting 
cells was inhibited after glomerulopathy, and the activation 
of neutrophil cells remained downregulated.

In contrast, Tregs cells’ activation was unregulated, 
which suggested that the activation of Th1 cells in glo
merular disease is also inhibited by Tregs cells at 
a moderate level. Above the renal tubular disease, neutro
phil and natural killer cell play a significant role. In con
clusion, when DN occurs, macrophages, T cells, and 
neutrophils, the degree of dependence of the glomerulus 
and tubules on immune cells is different, which is related 
to the inflammatory response regulated by T cells to 
a great extent.

To investigate the mechanism of T cell action, this 
study explored the mechanism of a GSE30122 data set, 
519 differentially expressed genes were associated with 
renal tubular injury, and 493 differentially expressed 
genes were associated with glomerulus, based on the 
UniProt database, 16 hypoxia genes were found to be 
associated with glomerular disease by WGCNA analysis, 
which was mainly enriched in the HIF1 signaling pathway, 
and 17 hypoxia genes were associated with renal tubular 
disease, which was enriched in a phagocytic signaling 
pathway.

Hypoxia gene was further identified by combined ana
lysis of lasso and ROC regression showing that after the 
glomerular injury, the AUC values of TGFBR3, APOID1, 
CPEB1, and KDR were 0.737, 0.712, 0.669 and 0.666. 
There is considerable clinical evidence that inflammation 

is a critical factor in the initiation and development of 
DN.29–31 TGF-β1 and TGF-β2 are the two subtypes of 
TGF-β. It finds that TGFBR3 can specifically bind to 
these two subtypes. As mentioned above, when TGF-β 
secretion is reduced, Th1 cells can be induced by cyto
kines to produce macrophage M1, which can secrete TNF- 
α, IL-1β, and IL-12 to promote the inflammatory response 
of Th1 cells. In the DN model of glomerulus and proximal 
tubular epithelial cells, increased expression of Th1 cells 
was found. Through NF-κB signal transduction, TNF-α 
induces the transcription of cytokinin, thus affecting cell 
survival, proliferation, and adhesion, promoting inflamma
tion and apoptosis.32,33 Apolipoprotein L domain is 
a protein encoded by the APOLD1 gene in the human 
body. As an early endothelial reaction protein, APOL1 
harbors three coding-sequence variants discovered in kid
ney disease patients of African ancestry and linked to non- 
diabetic chronic kidney disease (CKD).34,35 Thus, the 
APOLD1 gene may play a role in regulating endothelial 
cell signal and vascular function. What’s more, DN is 
a chronic vascular disease, and all of this, the APOPRLD 
gene can regulate vascular signal, which indicates that the 
APOPRLD gene is a potential diagnostic gene of DN. 
Besides, the study reveals that the HIF-1 signaling path
way was activated following glomerular injury induced by 
diabetes. Research shows that overexpression of CPEB1 
inhibits the mRNA translation of HIF-1α and thus down- 
regulates the expression of HIF-1α.36 Furthermore, the 
above mentioned Th1 cells can generate macrophage M1 
under the induction of cytokines to further activate the 
inflammatory reaction of Th1 cells,37,38 overexpression 
of CPEB1 can inhibit the expression of HIF-1α, so it is 
inferred that CPEB1 can mediate the expression of HIF-1α 
and slow down the inflammatory response of Th1 cells. An 
interesting manifestation of this study is that KDR, which 
has mitotic and chemotactic activity, plays a significant 
role in vascular permeability and angiogenesis;39 there 
may be a link between HIF-1α and KDR.

Immune hypoxia genes, PSMB8, PSMB9, RHOA, 
VCAM1, and CDKN1B, are involved in regulating 
T cells after the renal tubular lesion. Five genes, PSMB8 
(0.990), PSMB9 (0.986), RHOA (0.950), VCAM1 (0.913) 
and CDKN1B (0.857), had higher diagnostic ability (AUC 
> 0.7). PPI analysis showed that PSMB8, PSMB9, RHOA, 
VCAM1, and CDKN1B had potential interaction. Vascular 
cell adhesion molecule-1 (VCAM1) is a member of the 
Immunoglobulin superfamily. VCAM-1 increased in the 
infiltrating cells of endothelial cells and renal 
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tubulointerstitial cells in experimental DN; its level was 
positively correlated with the degree of proteinuria. 
PSMB8, PSMB9, and PSMB10 form a complex that acti
vates the immune response. Recent studies have shown 
that the PSMB8 immunoproteasome can degrade NF-κB 
production inhibition of NF-κB production by NF-κB 
inhibitors,40 which are a key step in inflammation regula
tion. In contrast, PSMB8 can activate NF-κB through the 
action of the immunoproteasome and then activate the 
transcription of inflammation-related factors in the cell 
nucleus, thus promoting the development of DN inflam
mation. Ras homolog gene family member (RhoA) plays 
an essential role in the cytoskeleton, maintaining cell 
morphology, cell migration, and smooth muscle cell 
contraction.41 It also plays a key role in many biological 
activities, such as smooth muscle cell proliferation, cell 
adhesion, platelet aggregation, contact inhibition, growth, 
and apoptosis;42 RhoA /ROCK signaling pathway is co- 
involved with its downstream effector Rho-associated pro
tein kinase (ROCK), which has been shown to activate 
when exposed to diabetic kidney cells,43 some studies 
have found that FASUDIL treatment inhibits RhoA/ 
ROCK activation and NF-κB nuclear translocation signifi
cantly reduces the levels of renal cell adhesion molecule-1 
and TGF-β1 proteins44 and attenuates NF- 
κB-inflammatory gene upregulation-mediated DN 
progression.45,46 CDKN1B, also known as cyclin- 
dependent kinase inhibitor 1B (P27, KIP1), is highly diag
nostic in this study of renal tubular injury caused by 
diabetes, and G1 cells are now thought to be associated 
with growth inhibition or hypertrophy, cell cycle transi
tions can be blocked by the cyclin-dependent kinase reac
tive protein/kinase inhibitor (CIP/Kip) family of cyclin- 
dependent kinase inhibitors (CKIS: P21, P27, and P57). 
P27 and P21 were expressed in hypertrophic renal tubular 
epithelial cells.47,48 Therefore, it can be concluded that 
P27 inhibits cell cycle transition after DN, leading to 
renal tubular epithelial cells remaining in the G1 phase 
and cell and growth inhibition. These shreds of evidence 
suggest that inflammation and immune response are 
involved in the regulation of renal tubular injury and 
have an excellent diagnostic ability for renal tubular injury 
induced by diabetes. The authors conclude, due to sample 
size limitations and publication bias in open data sets, to 
a certain extent, we plan to carry out experiments in the 
follow-up study to verify the conclusions of this paper, to 
prove the reliability of the forecast results, to make up for 
the limitations of this study.

Conclusion
DN is a complicated chronic vascular inflammation, and 
the diagnostic markers of glomerular and renal tubular 
injury are different. TGFBR3, APOLD1, CPEB1, and 
KDR, are highly specific to the glomerulus, and the other 
genes, PSMB8, PSMB9, RHOA, VCAM1, and CDKN1B, 
are highly diagnostic for renal tubules. Lesions mainly 
involving T cells and neutrophil responses may be asso
ciated with hypoxia and activation of inflammatory 
responses.
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