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ABSTRACT
Aims/Introduction: This study investigated the roles of voltage-dependent anion
channel 1-related differentially expressed genes (VRDEGs) in diabetic nephropathy (DN).
Materials and Methods: We downloaded two datasets from patients with DN,
namely, GSE30122 and GSE30529, from the Gene Expression Omnibus database. VRDEGs
associated with DN were obtained from the intersection of voltage-dependent anion
channel 1-related genes from the GeneCards database, and differentially expressed genes
were screened according to group (DN/healthy) in the two datasets. The enriched
pathways of the VRDEGs were analyzed. Hub genes were selected using a protein–
protein interaction network, and their predictive value was verified through receiver
operating characteristic curve analysis. The CIBERSORTx software examined hub genes and
immune cell infiltration associations. The protein expression of hub genes was verified
through immunohistochemistry in 16-week-old db/db mice for experimentation as a
model of type 2 DN. Finally, potential drugs targeting hub genes that inhibit DN
development were identified.
Results: A total of 57 VRDEGs were identified. The two datasets showed high
expression of the PI3K, Notch, transforming growth factor-b, interleukin-10 and interleukin-
17 pathways in DN. Five hub genes (ITGAM, B2M, LYZ, C3 and CASP1) associated with DN
were identified and verified. Immunohistochemistry showed that the five hub genes were
highly expressed in db/db mice, compared with db/m mice. The infiltration of immune
cells was significantly correlated with the five hub genes.
Conclusions: Five hub genes were significantly correlated with immune cell infiltration
and might be crucial to DN development. This study provides insight into the
mechanisms involved in the pathogenesis of DN.

INTRODUCTION
Diabetic nephropathy (DN), a serious and common diabetes
complication, is the principal cause of end-stage renal disease
in the USA1. In 2019, >400 million people had diabetes, and
its prevalence has increased2. Furthermore, approximately 40%
of patients with diabetes develop DN3. Therefore, recent

research has focused on DN prevention and treatment. Current
studies suggest that increased oxidative stress, inflammation,
immune responses, autophagy, genetics and other factors cause
DN3. The complex and multifactorial pathogenesis of DN has
prevented breakthroughs in establishing prevention and treat-
ment strategies. Therefore, determining the pathogenesis of
DN, and identifying its diagnostic markers and treatment tar-
gets is crucial.
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Recently, mitochondria have been implicated in metabolism,
immunity, apoptosis, cell homeostasis and other biological pro-
cesses. In particular, DN is caused by mitochondrial
dysfunction4,5. Voltage-dependent anion channel 1 (VDAC1) is
a mitochondrial membrane transporter that participates in the
crosstalk between energy and metabolism6,7. VDAC1 is also a
key mitochondrial apoptosis factor and interacts with >100
proteins8, and its overexpression or oligomerization is involved
in the pathogenesis of type 2 diabetes8,9, cancer10,11, inflamma-
tory bowel disease12, lupus13 and cardiac diseases14,15 through
mitochondrial dysfunction. However, the role of VDAC1 in
renal injury is poorly understood. VDAC1 phosphorylation
causes mitochondrial dysfunction and cell apoptosis through
phosphorylation in acute kidney injury16. Furthermore, the rela-
tionship between the multifunctional protein VDAC1 and DN
is unknown. Therefore, the purpose of the present study was to
use bioanalysis to investigate the role and potential mechanisms
of VDAC1 in the pathogenesis of DN, for aiding in determina-
tion of DN prevention and treatment strategies.

MATERIALS AND METHODS
Data source and preprocessing
GSE3012217 and GSE3052917 datasets from patients with DN
were acquired from the Gene Expression Omnibus18 database
by using the “GEOquery (Version 2.68.0, http://seandavi.github.
io/GEOquery)”19 package. The GSE30122 dataset included data
from 50 healthy controls and 19 patients with DN, whereas the
GSE30529 dataset included data from 12 healthy controls and
10 patients with DN. Both datasets were analyzed using the
GPL571 (HG-U133A_2) Affymetrix Human Genome U133A
2.0 Array (Santa Clara, CA, USA). The details of the two data-
sets are presented in Table 1.
VDAC1-related genes (VRGs) were obtained from the Gene-

Cards database20 using the search keyword “VDAC1,” and
5,747 VRGs were obtained. “VDAC1” was also used as a search
keyword to obtain 847 VRGs from the Molecular Signatures
Database21. After merging and de-duplication, 6,299 VRGs were
obtained.

Differentially expressed gene screening
Differentially expressed genes (DEGs) in cases with and without
DN from the GSE30122 and GSE30529 datasets were screened
using the “Limma” package. DEGs with a log fold change >1

and a P-value <0.05 were defined as upregulated genes. Con-
currently, DEGs satisfying log fold change <-1 and P < 0.05
were defined as downregulated genes.
To identify VDAC1-related differentially expressed genes

(VRDEGs) associated with DN, the common DEGs (co-DEGs)
of the DN data and VRG sets were intersected, and a Venn
map was drawn. The “heatmap” and “ggplot2” packages of R
software (The R Foundation for Statistical Computing, Vienna,
Austria) were used to draw heat and volcano maps,
respectively.

Functional and pathway enrichment analyses
The R package “clusterProfiler”22 was used for gene ontology
analysis of VRDEGs with an adjusted P-value of <0.05 and a
false discovery rate of <0.05. The gene set “h.all.v7.4. sym-
bols.gmt” was obtained from the Molecular Signatures Database
and gene set enrichment analysis23 was carried out to calculate
the functional enrichment differences between the healthy and
DN groups of the expressed genes in the GSE30122 and
GSE30529 datasets using the clusterProfiler package (Version
4.8.3, https://code.bioconductor.org/browse/clusterProfiler/)
(adjusted P < 0.05, false discovery rate <0.25). Gene set varia-
tion analysis24 was carried out between the healthy and DN
groups in the GSE30122 and GSE30529 datasets to identify
commonly activated/suppressed pathways. The gene set
“c2.cp.kegg.v6.2. symbols” from the Molecular Signatures Data-
base was used for gene set variation analysis.

Immune cell infiltration analysis
We uploaded the gene expression matrix data to CIBERSORTx
(https://cibersortx.stanford.edu/)25 for immune cell infiltration
analysis. Combined with the Homo sapiens characteristic gene
matrix, data with an enrichment fraction of immune cells >0
were excluded. Combined with the gene expression matrix of
the DN dataset, the correlation between immune cells and
VRDEGs was determined, and the correlation heatmap was
drawn using the R package “pheatmap.”

Protein–protein interaction network construction
The online database, STRING26, was used to analyze the
protein–protein interaction (PPI) of the VRDEGs. PPI networks
were further visualized using the Cytoscape software (https://
cytoscape.org/). The top 12 common VRDEGs were selected as
hub genes using five algorithms containing maximum neigh-
borhood component, degree correlation, maximal clique cen-
trality, edge percolated component and density of maximum
neighborhood component in cytoHubba27.

messenger ribonucleic acid–microribonucleic acid, messenger
ribonucleic acid–ribonucleic acid-binding proteins, messenger
ribonucleic acid–transcription factor and messenger
ribonucleic acid–drug interaction networks
We used messenger ribonucleic acid (mRNA)–microRNA
(miRNA) data from the ENCORI27 and miRDB28 databases to

Table 1 | Diabetic nephropathy datasets information list

GSE30122 GSE30529

Platform GPL571 GPL571
Species Homo sapiens Homo sapiens
Tissue Kidney Kidney
Samples in normal group 50 12
Samples in DN group 19 10

DN, diabetic nephropathy.
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forecast interrelated miRNAs associated with the five hub genes
by taking the intersection of the two DN databases. RNA-
binding proteins (RBPs) that interacted with the hub genes
were predicted using the ENCORI database, and the mRNA–
RBP interaction network was mapped. Transcription factor
(TF) binding to the hub genes was observed using the
CHIPBase29 (version 3.0) and hTFtarget30 databases. In addi-
tion, the drug–gene interaction database31 was used to predict
potential drugs or small-molecule compounds interacting with
hub genes.

Correlation analysis of VRDEGs and receiver operating
characteristic curves
To investigate the mechanism and biological characteristics of
VRDEGs in DN and determine hub gene correlations, correlation
heatmaps were drawn to show the correlation between gene
expression levels in the GSE30122 and GSE30529 databases.
The receiver operating characteristic (ROC) curves of the

hub genes in the healthy and DN groups from the two data-
bases were plotted, and the diagnostic effect of hub gene
expression on the disease was assessed using the area under the
curve (AUC).

Animals and experimental groups
Six 8-week-old C57BL/KsJ-db/db (db/db) mice were used as
the experimental group, and six 8-week-old C57BL/KsJ-db+/

+m (db/m) mice were used as the control group. All were
purchased from Gempharmatech Co., Ltd (Jiangsu, China;
No.SCXK 2018-0008) and reared in an specific-pathogen-free
barrier environment animal house at Fujian Medical Univer-
sity. All animal care and experimental procedures were
approved by the Animal Ethics Committee of Fujian Medical
University (Ethics Review Approval Number: FJMU IACUC
2020-0105). After 2 weeks of adaptive feeding, a fasting blood
glucose in tail vein blood ≥16.7 mmol/L was measured for
three consecutive days, indicating that the model was success-
fully prepared. After continued feeding for 8 weeks, the mice
were killed by neck removal, and half of the left kidney tissue
was removed and fixed in 4% formaldehyde solution for
24 h. After dehydration, transparency and paraffin embedding,
sections of 3-lm thickness were taken for
immunohistochemistry.

Immunohistochemistry
Paraffin sections of mice kidney tissue underwent dewaxing,
gradient ethanol hydration, double-steam water washing and
microwave antigen repair. Next, endogenous peroxidase was
blocked with 3% H2O2, then with 3% bovine serum albumin.
Primary antibodies of C3 (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), B2M (1:200; Wanleibio, Shenyang,
China), CASP1 (1:1,000; Servicebio, Wuhan, China), LYZ
(1:1,000; Servicebio) and ITGAM (1:1,000; Servicebio) were

Figure 1 | The overall analysis flow chart of this study. co-DEGs, common differentially expressed genes; GO, gene ontology; GSEA, gene set
enrichment analysis; GSVA, gene set variation analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; mRNA, messenger ribonucleic acid;
miRNA, microribonucleic acid; PPI, protein–protein interaction; RBP, ribonucleic acid-binding protein; ROC, receiver operating characteristic; TF,
transcription factor; VDAC1, voltage-dependent anion channel 1, VRDEGs, voltage-dependent anion channel 1-related differentially expressed genes.
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added, and samples were incubated overnight in a 4°C refrig-
erator. Then, the second antibody was added and another
incubation period of 50 min occurred. 3,30-Diaminobenzidine
was added for color development, and hematoxylin was added
for nucleus staining. Samples were observed under an optical
microscope and photographed for preservation. The mean
optical density of immunohistochemistry was measured by
ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

Statistical analysis
Statistical analyses were carried out using R software (version
4.1.2). The Student’s t-test and Mann–Whitney U-test were
used to analyze normally and non-normally distributed contin-
uous variables, respectively. The v2-test or Fisher’s exact test
was used to compare categorical variables. Spearman’s correla-
tion analysis was used to calculate the correlation coefficients
between the different molecules. A P-value <0.05 was consid-
ered statistically significant.

Figure 2 | Boxplot of the GSE30122 and GSE30529 datasets before and after correction. (a) Box diagram of intersample gene expression in the
GSE30122 dataset before correction. (b) Box diagram of intersample gene expression in the GSE30122 dataset after correction. (c) Box diagram of
intersample gene expression in the GSE30529 dataset before correction. (d) Box diagram of intersample gene expression in the GSE30529 dataset
after correction. Blue represents the healthy group, and red represents the diabetic nephropathy group.

Figure 3 | Differentially expressed genes (DEG) analysis of the diabetic nephropathy (DN) dataset. (a) Volcano map of DEGs in the GSE30122
dataset. (b) Volcano map of DEGs in the GSE30529 dataset. (c) Heatmap of DEGs in the GSE30122 dataset. (d) Heatmap of DEGs in the GSE30529
dataset. (e) Venn diagram of DEGs in the GSE30122 and GSE30529 datasets. (f) Venn diagram of common DEGs (Co-DEGs) and voltage-dependent
anion channel 1-related genes (VRGs) in the GSE30122 and GSE30529 datasets. Blue represents the healthy group, and red represents the diabetic
nephropathy group. co-DEGs, common differentially expressed genes.
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RESULTS
Data preprocessing
A general flowchart of the analysis is shown in Figure 1. In the
GSE30122 and GSE30529 databases, the samples were divided
into DN and healthy groups. The GSE30122 (Figure 2a,b) and
GSE30529 (Figure 2c,d) datasets were standardized and shown
in boxplots. After standardization, the expression levels of dif-
ferent samples in the databases were consistent.

Analysis of DEGs and VRDEGs associated with DN
In the GSE30122 dataset, 263 DEGs were identified, including
148 upregulated and 115 downregulated genes (Figure 3a). In
the GSE30529 dataset, 917 DEGs were identified, including 581
upregulated and 336 downregulated genes (Figure 3b).
The expression differences among the different sample

groups in the GSE30122 dataset and the GSE30529 dataset are
shown as heatmaps (Figure 3c,d). The top 20 upregulated
DEGs and the top 20 downregulated DEGs in the two datasets
were found by selecting the log fold change column in ascend-
ing order from the results of the difference analysis (Tables S1
and S2).
To obtain VRDEGs, all DEG intersections in the GSE30122

and GSE30529 datasets were analyzed, and 172 co-DEGs were
obtained (Figure 3e). By considering the intersection of co-
DEGs and VRGs, 57 VRDEGs were obtained (Table S3), and a
Venn diagram was drawn (Figure 3f).

Functional and pathway enrichment analysis of VRDEGs
To investigate the biological functions and signaling pathways
of the 57 VRDEGs and their relationship with DN, gene ontol-
ogy and KEGG, enrichment analyses of VRDEGs were carried
out (P < 0.05 and false discovery rate <0.05) and shown in a
bubble diagram (Figure 4a,b), ring-network diagram (Figure 4c,
d), cyclic graph (Figure 4e) and chord graph (Figure 4f). Path-
way maps were drawn to show the pathways in KEGG
(Figures S1–S8).
To identify DN-related signaling pathways, we carried out a

gene set enrichment analysis between the healthy and DN
groups in the GSE30122 (Figure 5a) and GSE30529 (Figure 6a)
datasets. All DEGs in the GSE30122 dataset significantly
enriched the phosphoinositide 3-kinase (PI3K/AKT; Figure 5b),
interleukin (IL)-10 (Figure 5c), Notch (Figure 5d) and IL-17
(Figure 5e) pathways, among others. The DEGs in the
GSE30529 dataset had significantly enriched the PI3K/AKT
(Figure 6b), transforming growth factor (TGF)-b (Figure 6c),

Wnt (Figure 6d) and Notch (Figure 6e) pathways, among
others.
We further carried out gene set variation analysis between

the DN and healthy groups in the GSE30122 and GSE30529
datasets. The PI3K/AKT, IL-2 and IL-6 pathways, and other
gene sets were associated with DN in the GSE30122 dataset
(Figure 5f). PI3K/AKT, TGF-b and IL-6 pathways and other
gene sets were associated with DN in the GSE30529 dataset
(Figure 6f).

PPI network
PPI analysis of the 57 VRDEGs using the STRING database
was based on a minimum correlation coefficient of >0.400, and
a map of the PPI network is shown in Figure 7a. Subsequently,
five types of cytoHubba algorithms were used to select the five
common genes (ITGAM, B2M, LYZ, C3 and CASP1) among
the top 12 hub genes (Figure 7b), and the PPI network dia-
gram was drawn (Figure 7c).

Interaction network of hub gene–miRNA, gene–RBP, gene–TF
and gene–drug
Our mRNA–miRNA interaction network was composed of
three hub genes (mRNA) (B2M, LYZ and CASP1) and 13
miRNA molecules, which constituted 13 mRNA–miRNA inter-
actions (Figure 8a). The mRNA–RBP interaction network was
composed of five hub genes (mRNA; ITGAM, B2M, LYZ, C3
and CASP1; Figure 8b). The interaction relationship data
between the five hub genes and 162 TFs was obtained and
visualized (Figure 8c). A total of 32 molecular compounds or
drugs potentially related to the four hub genes (ITGAM, B2M,
C3 and CASP1) were identified after excluding genes for which
no potential drugs or molecular compounds were found
(Figure 8d).

Immune infiltration analysis of DN datasets
The correlation between immune cells and expression profile
data of the healthy and DN groups in the two datasets was cal-
culated, and the infiltration of 22 immune cell types in each
sample of the GSE30122 (Figure 9a) and GSE30529 (Figure 9b)
datasets were plotted as bar graphs. Correlation heatmaps show
the association between the five hub genes (ITGAM, B2M,
LYZ, C3 and CASP1) and the number of immune cells in the
GSE30122 (Figure 9c) and GSE30529 (Figure 9d) datasets. In
the GSE30122 dataset, ITGAM and C3 were significantly corre-
lated with monocyte infiltration (P < 0.01); furthermore, B2M

Figure 4 | Functional (gene ontology [GO]) and pathway (Kyoto Encyclopedia of Genes and Genomes [KEGG]) enrichment analysis of voltage-
dependent anion channel 1-related differentially expressed genes (VRDEGs). (a, b) Bubble diagrams of (a) GO functional enrichment analysis and (b)
KEGG pathway enrichment analysis of VRDEGs. (c, d) Ring-network diagram of (c) GO functional enrichment analysis, and (d) KEGG pathway
enrichment analysis for VRDEGs. (e) Loop diagram and (f) chord diagram of GO functional enrichment analysis results of VRDEGs. The screening
criteria for GO and KEGG enrichment items were a P-value <0.05 and false discovery rate <0.05. BP, biological process; CC, cellular component; MF,
molecular function.
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was significantly correlated with monocytes, whereas LYZ was
significantly correlated with high levels of plasma cells, T cells
and mast cells (P < 0.05). Finally, CASP1 was significantly cor-
related with the infiltration of plasma cells, T cells, natural killer
cells and mast cells (P < 0.05). In the GSE30529 dataset,
ITGAM, LYZ, C3 and CASP1 were significantly correlated with
a high infiltration of plasma cells, macrophages and mast cells
(P < 0.01), whereas ITGAM, B2M, LYZ and C3 levels were sig-
nificantly correlated with neutrophil concentration (P < 0.05).

Expression and correlation analysis of hub genes
The expression of hub genes (ITGAM, B2M, LYZ, C3 and
CASP1) was significantly different between the healthy and DN
groups in the GSE30122 (Figure 10a) and GSE30529
(Figure 10b) datasets (P < 0.001). Significant differences were
discovered between the five hub genes (ITGAM, B2M, LYZ, C3
and CASP1) in the GSE30122 and GSE30529 datasets
(P < 0.01), as shown in correlation heatmaps (Figure 10c,d,
respectively).
ROC curves were used to verify the expression differences of

the five hub genes (ITGAM, B2M, LYZ, C3 and CASP1)
between the healthy and DN groups in the two datasets. Hub
genes C3 (AUC 0.908; Figure 11b) and CASP1 (AUC 0.904;
Figure 11c) showed high diagnostic value in the GSE30122
dataset. The hub genes B2M (AUC 0.802; Figure 11a), ITGAM
(AUC 0.867; Figure 11d) and LYZ (AUC 0.878; Figure 11e)
showed certain diagnostic value in the GSE30122 dataset. ROC
verification of hub genes B2M (AUC 0.975; Figure 11f), C3
(AUC 0.983; Figure 11g) and ITGAM (AUC 0.983; Figure 11h)
showed high diagnostic value in the GSE30529 dataset.

Immunohistochemistry validation of hub genes
C3, B2M, CASP1, ITGAM and LYZ were verified in 16-week-
old db/db mice using immunohistochemistry, which showed
that C3 (P < 0.0001), CASP1 (P < 0.001), B2M (P = 0.0172),
LYZ (P = 0.0084) and ITGAM (P < 0.001) were significantly
increased in the db/db group compared with the db/m group
(Figure 12).

DISCUSSION
DN is a serious public health issue and the principal cause of
end-stage renal disease32. Presently, there is no optimal treat-
ment to prevent and control the development of DN33. Mito-
chondrial dysfunction has recently been confirmed to
participate in the pathogenesis of DN4. VDAC1 is considered a
key regulator of mitochondria-mediated apoptosis6,7, and it has
been shown that VDAC1 is related to multiple diseases8,10,12–14.

The present study is the first to combine DN and VDAC1
data, and use bioinformatics to identify potential biomarkers of
DN. Five hub genes related to VDAC1 in DN were identified
according to the PPI network: ITGAM, B2M, LYZ, C3 and
CASP1. The ROC curves confirmed their diagnostic value for
DN, and their expression was verified using immunohistochem-
ical analysis of the kidney of 16-week-old db/db mice.
Lysozyme (LYZ) has immunomodulatory and antimicrobial

activities34. A previous study used bioinformatics analysis to
show that LYZ expression was upregulated in DN and
reported an increase in LYZ mRNA levels in the urine of
patients diagnosed with DN by renal biopsy. Through prog-
nostic analysis, it was suggested that urinary LYZ mRNA
could predict DN progression35. The present study also found
that LYZ is one of the upregulated DEGs in DN, and for
the first time, used an animal model of DN to verify the
increased expression of LYZ in kidney tissue using immuno-
histochemistry. These outcomes suggest that LYZ is involved
in the development of DN, and might be a potential bio-
marker. A previous study showed that orally administered
microencapsulated LYZ could reduce the severity of kidney
damage in a diabetic animal model34; however, the study did
not verify the expression of LYZ in the DN model. There-
fore, understanding the potential mechanism of LYZ in the
development of DN is valuable, and needs to be further con-
firmed in vivo and in vitro.
Integrin subunit alpha M (ITGAM) is a member of the

integrin b2 subfamily of leukocyte adhesion molecules36. How-
ever, very little is known about its role in DN development. A
previous study found that ITGAM is one of the hub genes
related to iron death in DN37. The current study verified the
increased expression of ITGAM in the kidney tissue of DN
mice using immunohistochemistry, confirming the potential
role of ITGAM in the development of DN. A recent study con-
firmed the high expression of ITGAM in blood and kidney tis-
sue in a diabetic renal rat model using reverse transcription
quantitative polymerase chain reaction, which was consistent
with the results of the current study38.
Complement C3 is a key component of the complement

system39. A large number of studies have confirmed the role of
complement C3 in the development of DN, and it could cause
mitochondrial damage and mediate apoptosis of DN
podocytes39. Previous studies found that rats with type 2 diabe-
tes and kidney disease had high complement C3 expression,
which contributes to DN progression40. The immunohisto-
chemistry outcomes of the present study showed that C3 was
significantly overexpressed in the glomeruli of db/db mice,

Figure 5 | Gene set enrichment analysis and gene set variation analysis of the GSE30122 diabetic nephropathy (DN) dataset. (a) The main gene set
enrichment analysis pathway in the GSE30122 dataset. (b–e) The differentially expressed genes in the GSE30122 dataset were significantly enriched
in phosphoinositide 3-kinase (PI3K), interleukin (IL)-10, Notch and IL-17 pathways. (f) Gene set variation analysis in the GSE30122 dataset (P < 0.05
and false discovery rate [FDR] <0.25). Blue represents the healthy group, and red represents the DN group. NES, normalized enrichment score.
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which indicates the vital role of complement C3 in the patho-
genesis of DN.
Caspase-1 is a member of the cysteine protease family41. The

role of caspase-1 in the development of DN has been con-
firmed by many studies. For instance, Shahzad et al.42 reported
that caspase-1-dependent inflammasome activation promotes
DN, while in a DN animal model, the kidney expression of
caspase-1 was significantly increased, and inhibition of caspase-
1 reduce the tissue inflammation43. The present study also con-
firmed that CASP1 was highly expressed in the kidney of 16-
week-old db/db mice, which supports the important role of
CASP1 in the development of DN, in line with previous
studies.
Previously, DN was considered a non-immune disease. How-

ever, this notion has changed along with the increasing evi-
dence that inflammatory responses are involved in the
pathogenesis of DN. In the current study, the DN group had
enriched immune response-regulating signaling pathways. We

further explored the correlation between the aforementioned
five hub genes and immune cells, and associations were identi-
fied between the aforementioned five hub genes and various
immune cell type.
Macrophages are essential in the pathogenesis of DN44. Sev-

eral studies involving both animal models and patients with
DN have shown macrophage accumulation in diabetic kid-
neys, leading to kidney injury45–47. In the present study, we
found that ITGAM, LYZ and C3 were positively correlated
with macrophage infiltration. ITGAM has been shown to reg-
ulate the polarization of macrophages and participate in
osteosarcoma32, whereas LYZ reduced the concentration of
macrophages in the inflammation site in a cellular model of
DN48. C3aR deficiency can attenuate diabetic renal damage by
influencing macrophage-secreted cytokines49. However, the
relationship between these hub genes and immune cell infil-
tration and the mechanism involved in DN needs to be fur-
ther explored.

Figure 6 | Gene set enrichment analysis and gene set variation analysis of the diabetic nephropathy (DN) GSE30529 dataset. (a) The main gene set
enrichment analysis pathway in the GSE30529 dataset. (b–e) The differentially expressed genes in the GSE30122 dataset were significantly enriched
in the phosphoinositide 3-kinase (PI3K/AKT), transforming growth factor (TGF)-b (Figure 6c), Wnt (Figure 6d) and Notch (Figure 6e) pathways. (f)
Gene set variation analysis in the GSE30529 dataset (P < 0.05 and false discovery rate [FDR] <0.25). Blue represents the healthy group, and red
represents the DN group. NES, normalized enrichment score.

Figure 7 | Protein–protein interaction (PPI) network. (a) The PPI network of voltage-dependent anion channel 1-related differentially expressed
gene. (b) The common gene Venn diagram of the top 12 voltage-dependent anion channel 1-related differentially expressed genes was selected
under the five algorithms of maximal clique centrality (MCC), maximum neighborhood component (MNC), edge percolated component (EPC),
degree correlation (Degree) and density of maximum neighborhood component (DMNC). (c) PPI network of the five hub genes.
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The aggregation of mast cells in the renal interstitium is
correlated with renal interstitial injury and DN progression50.
The present study showed that the hub genes ITGAM, LYZ,

C3 and CASP1 were positively correlated with mast cell
levels. As an activator of mast cells, complement C3 partici-
pates in the inflammatory process of DN by triggering the

Figure 8 | Hub gene interaction networks. (a) Hub gene–microribonucleic acid interaction network. (b) Hub gene–ribonucleic acid-binding protein
interaction network. (c) Hub gene–transcription factors interaction network. (d) Hub gene–drug interaction network. The blue ovals, purple ellipses,
green ovals and pink ellipses are microribonucleic acid, ribonucleic acid-binding protein, transcription factors and drugs, respectively.
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Figure 9 | Immune infiltration analysis of the GSE30122 and GSE30529 datasets (CIBERSORTx). (a) Bar graph of immune infiltration results of 22
immune cells in the GSE30122 dataset. (b) Bar graph of immune infiltration results of 22 immune cells in the GSE30529 dataset. (c) Heatmap of
correlation analysis between voltage-dependent anion channel 1-related differentially expressed genes and immune cell expression in the
GSE30122 dataset. (d) Heatmap of correlation analysis between voltage-dependent anion channel 1-related differentially expressed genes and
immune cell expression in the GSE30529 dataset. Blue represents the healthy group, and red represents the diabetic nephropathy group.
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release inflammatory mediators from mast cells51; however,
mast cell-mediated allergic inflammation can be suppressed
through the involvement of caspase-152. Notably, the involve-
ment of LYZ and ITGAM in the regulation of mast cells
has not been reported previously, and further studies are
needed.
Very little evidence substantiates the direct role of neutro-

phils in the pathogenesis of DN. However, a recent study
showed that neutrophil extracellular traps could cause glomeru-
lar endothelial dysfunction in patients with diabetes53. The

present study showed that the hub genes C3, ITGAM, B2M
and LYZ were significantly associated with neutrophil infiltra-
tion. In patients with latent autoimmune diabetes in adults,
neutrophils were involved in the activation of degranulation,
adhesion and migration at the transcriptional level, and
ITGAM was upregulated in the neutrophils of patients with
latent autoimmune diabetes in adults54. Potential interaction
between the aforementioned hub genes and neutrophils might
participate in the progression of DN, although this requires fur-
ther experimental investigation.

Figure 10 | Differential and correlation analysis of hub gene expression in the GSE30122 and GSE30529 datasets. (a) Differences in the expression
of hub genes in the GSE30122 dataset. (b) Differences in the expression of hub genes in the GSE30529 dataset. (c) Heatmap of hub gene
correlation analysis in the GSE30122 dataset. (d) Heatmap of hub gene correlation analysis in the GSE30529 dataset. The symbol “ns” represents
P ≥ 0.05, *P < 0.05 and **P < 0.01. DN, diabetic nephropathy.
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The present results showed that the PI3K/AKT, Notch,
TGF-b, Wnt, IL-10 and IL-17 pathways were highly expressed
in DN. There is an increasing amount of evidence showing that
the PI3K/AKT55, TGF-b56, Notch57 and Wnt pathways58 are
activated during DN development. IL-10 polymorphism was
elucidated as a protective factor for DN59, as it reduced acute
inflammation and fibrosis in the kidneys of diabetic mice60.
Evidence supports the activation of IL-17A, which aggravates
kidney injury in DN61. Similarly, the present study suggests that
the IL-10 and IL-17 pathways might be related to DN, which
should be confirmed in future studies.
The present study had some limitations. First, for the study

of DN, clinical information, such as that regarding diabetes
type, hypertension and dyslipidemia, is essential, as these factors
might affect gene expression profiles and the recognition of
hub genes. The datasets analyzed in this study were obtained
from the Gene Expression Omnibus, which unfortunately did
not provide relevant clinical information. Therefore, further
research is needed to explore the relationship between clinical
features and hub genes. Second, only bioinformatics analysis
was used to investigate the relationship between hub genes and
immune cell infiltration, which must be further verified and
explored in vivo and in vitro in the future. Finally, only immu-
nohistochemical verification of hub genes was carried out on
the kidney tissue of mice with DN; further experiments are

needed to explore the actual roles of these hub genes in the
development of DN.
In conclusion, we identified and verified five VDAC1-related

hub genes (ITGAM, B2M, LYZ, C3 and CASP1) and enrich-
ment pathways that might be involved in the pathogenesis of
DN. Our data show that hub genes are closely related to
immune cell infiltration in DN. Furthermore, we identified 32
molecular compounds and drugs related to four hub genes
(ITGAM, B2M, C3 and CASP1), which might have the poten-
tial to inhibit DN progression. Therefore, the outcomes of the
present study might develop an understanding of the mecha-
nisms involved in the pathogenesis of DN.
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Figure 11 | Receiver operating characteristic curve analysis of hub genes. (a–d) Receiver operating characteristic curve analysis of hub genes (a)
B2M, (b) C3, CASP1 (c), (d) ITGAM and (e) LYZ in the GSE30122 dataset. (f–h) Receiver operating characteristic curve analysis of hub genes (f) B2M,
(g) C3 and (h) ITGAM in the GSE30529 dataset. FPR, false positive rate.
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Figure 12 | Immunohistochemistry staining examined the expression of five hub biomarkers (LYZ, C3, ITGAM, CASP1 and B2M) in the db/db group
compared with the db/m group. Bar, 50 lm. *P < 0.05, **P < 0.01 and ***P < 0.001.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of the Salmonella infection pathway. VRDEGs,
VDAC1-related differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure S2. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of the phagosome pathway. VRDEGs, VDAC1-related
differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure S3. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of regulation of the actin cytoskeleton pathway.
VRDEGs, VDAC1-related differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure S4. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of the Shigellosis pathway. VRDEGs, VDAC1-related
differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure S5. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of the focal adhesion pathway. VRDEGs, VDAC1-
related differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure S6. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of the pertussis pathway. VRDEGs, VDAC1-related
differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure S7. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of the legionellosis pathway. VRDEGs, VDAC1-
related differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure S8. Pathway enrichment (KEGG) analysis of VRDEGs: Pathway map of the amoebiasis pathway. VRDEGs, VDAC1-related
differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Table S1. The top 20 upregulated and downregulated DEGs in the GSE30122 dataset.

Table S2. The top 20 upregulated and downregulated DEGs in the GSE30529 dataset.

Table S3. VDAC1-related differentially expressed genes.
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