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Diabetic kidney disease (DKD) is a major complication of diabetes mellitus, and

the leading contributor of end-stage renal disease. Hence, insights into the

molecular pathogenesis of DKD are urgently needed. The purpose of this article

is to reveal themolecularmechanisms underlying the pathogenesis of DKD. The

microarray datasets of GSE30528 and GSE30529 were downloaded from the

NCBI Gene Expression Omnibus (GEO) database to identify the common

differentially expressed genes (DEGs) between the glomerular DKD (GDKD)

and tubular DKD (TDKD), respectively. Gene Ontology (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway analysis were

performed to analyze the function and pathways of the common DEGs.

After constructing the protein–protein interaction (PPI) network and

subnetwork analysis, three types of analyses were performed, namely,

identification of hub genes, analysis of the coexpressed network, and

exploration of transcription factors (TFs). Totally, 348 and 463 DEGs were

identified in GDKD and TDKD, respectively. Then, 66 common DEGs

(63 upregulated DEGs and three downregulated DEGs) were obtained in

DKD patients. GO and KEGG pathway analyses revealed the importance of

inflammation response, immune-related pathways, and extracellular matrix-

related pathways, especially chemokines and cytokines, in DKD. Fifteen hub

genes from the 66 common DEGs, namely, IL10RA, IRF8, LY86, C1QA, C1QB,

CD53, CD1C, CTSS, CCR2, CD163, CCL5, CD48, RNASE6, CD52, and CD2 were

identified. In summary, through the microarray data analysis, the common

functions and hub genes greatly contribute to the elucidation of the molecular

pathogenesis associated with DKD.
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Introduction

Diabetic kidney disease (DKD), also known as diabetic

nephropathy (DN), is a common complication of diabetes

mellitus (DM) and the leading cause of chronic kidney disease

(CKD) and end-stage renal disease (ESRD) worldwide (Bell et al.,

2015; Collins et al., 2015). Approximately, 30% of the patients

with type 1 diabetes mellitus and 40% of the patients with type

2 diabetes mellitus develop DKD, with half of them progressing

to ESRD (Alicic et al., 2017). Diabetes has become a global health

concern worldwide due to obesity epidemic (Chobot et al., 2018).

The incidence rate of CKD caused by diabetes was higher than

that of glomerulonephritis (Zhang et al., 2016). Meanwhile, the

prevalence and associated burden of DKD is increasing in parallel

with the incidence of DM. This poses significant socio-economic

challenges on the individual, family, and healthcare (Lozano

et al., 2012).

Based on the anatomically distinct regions of kidney biopsy

samples, DKD can be divided into glomerular DKD (GDKD) and

tubular DKD (TDKD). The common characteristics of GDKD

involve damaged glomerular filtration barrier, mesangial cell

proliferation, and glomerulosclerosis. The major manifestations of

TDKD include dysfunction of renal tubular reabsorption and

secretion, and tubulointerstitial fibrosis (López-Novoa et al., 2011;

Liyanage et al., 2015). The mechanisms of glomerular and

tubulointerstitial injury in DKD are different, but there are many

intersections of the related pathways andmediators. Hyperglycemic-

induced oxidative stress can directly damage renal cells of

glomerular, thus leading to tubulointerstitial fibrosis and

proteinuria of DKD (Duni et al., 2019; Samsu 2021). In addition,

current studies have also revealed that the complement system is

acknowledged as a key factor in the development of glomerular and

tubulointerstitial lesions in DKD. For example, the deposition of

(complement 5) C5a is not only involved in the morphological

changes of the glomerular but also mediates the tubulointerstitial

injury in DKD (Tan et al., 2020; Budge et al., 2021). Extensive

evidence reported that the interaction between the glomerular and

tubulointerstitial damages further contribute to high risk of

occurrence and progression of DKD (Arora and Singh 2013).

Once DKD triggers the chronic progression of glomerular or

tubular damage, the renal lesions of DKD patients are

irreversible and progressive. Thus, there is an urgent need to

introduce methods that identify the cases of DKD and provide

possibilities of underlying causes as well as promising opportunities

for treating DKD.

DKD has been traditionally characterized by the interaction of

hemodynamic and metabolic factors, including increased systemic

and intraglomerular pressure, as well as the subsequent

modifications induced by high glucose (Anders et al., 2018).

Current evidence indicates that DKD is a multifactorial disease,

affected by both genetic and environmental factors. The complex

pathogenesis of DKDmakes its accurate and early diagnosis difficult.

DKD is clinically diagnosed by detecting macroalbuminuria in a

diabetic patient. However, some studies have shown that the clinical

biomarker of DKD (albuminuria) is variable, since some patients

progress to DKD without the occurrence of significant proteinuria

(Vaidya et al., 2011; Mottl et al., 2013). In a survey of scientific

databases, the number of reported biomarkers indicating DKD

(glomerular and tubular damage markers) has increased. These

biomarkers include nonalbumin protein-to-creatinine ratio, kidney

injury molecule 1 (KIM-1), laminin, and orosomucoid

(Papadopoulou-Marketou et al., 2017). However, only a few of

these biomarkers are available for routine clinical application. Under

such conditions, identifying new diagnostic and prognostic

biomarkers and recognizing whether these alternations predict

clinical outcomes seems necessary. Fortunately, high-throughput

screening techniques provide an opportunity to achieve these goals.

Common transcription features can enhance our

understanding of the pathogenesis of glomerular and

tubulointerstitial injury in DKD. The purpose of the present

study is to explore the hub genes associated with the shared

mechanisms of glomerular and tubulointerstitial injury in DKD.

We analyzed the gene expression profiles of GDKD (GSE30528)

and TDKD (GSE30529) to identify the common differentially

expressed genes (DEGs), and further examined the functions and

pathways. A constructed protein–protein interaction (PPI)

network was used to recognize subnetworks and hub genes.

Finally, we obtained 15 hub genes and explored the

transcription factors (TFs) that drive the progression of DKD

by the microarray data analysis. Taken together, the identified

hub genes and enriched pathways between the glomerular and

tubulointerstitial lesions offer the possibilities for understanding

a common etiology and pathological mechanism of DKD.

Materials and methods

Data acquisition and principal component
analysis

We acquired gene expression profiles from the Gene Expression

Omnibus (GEO) database through the keyword “DKD” or “DN”

(Barrett et al., 2013). The inclusion criteria were as follows: 1) dataset

from the same sequencing platform that covered the maximum

sample sizes and 2) the studied objects should come from the

microdissected kidneys of Homo sapiens. We downloaded and

analyzed the gene expression profiles of GDKD (GSE30528) and

TDKD (GSE30529) from the GPL571 platform [Affymetrix Human

Genome U133A 2.0 Array (HG-U133A_2)]. GSE30528 and

GSE30529 are the subseries of GSE30122. The glomerular

samples of GSE30528 included nine DKD and 13 controls, while

the tubulointerstitial samples of GSE30122 included 10 DKD and

12 controls. The diagnosis of DKD patients was based on the

presence of diabetes, decreased eGFR (<60 ml/min), increased

blood urea nitrogen (BUN), and serum creatinine, as well as

proteinuria. Control samples were acquired from nephrectomies,
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living donors, and healthy people (Woroniecka et al., 2011). To

evaluate the quality of GSE30528 and GSE30529, we used the R

software to test the intragroup data repeatability via the principal

component analysis (PCA).

Identification of differentially expressed
genes

Based on the GEOquery package and Limma package of R

software, GEO2R enables the users to analyze and visualize the

DEGs (Diboun et al., 2006). We used it to obtain significant DEGs

between the DKD samples and controls. Based on the platform with

annotation information, the probe sets were converted into gene

symbols, and the mean value of several probes was analyzed if they

were mapped to the same gene. The cutoff values for DEG

identification were adjusted p-value <0.05 and |logFC (fold

change)| >1. The heatmap and volcano plots of glomerular and

tubulointerstitial samples were plotted by the ggplot2 package in R

software. The Venn diagram was used to identify the common

DEGs between GDKD and TDKD.

Functional enrichment analysis of
differentially expressed genes

To understand the functional annotation in the DKD group, we

performed the Gene Ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analyses of DEGs. The GO

resource is a tool developed to represent the functional knowledge in

facilitating computational analysis, and involves three aspects of gene

annotations [molecular function (MF), cellular component (CC), and

biological process (BP)] (The Gene Ontology Consortium 2019).

KEGG analysis was carried out to combine the genomics information

and functional analysis by standardizing gene annotations (Kanehisa

andGoto 2000). The Benjamini–Hochberg (BH)methodwas applied

to adjust the p-value for the false discovery rate (FDR) in our study.

The tests were regarded as significant with an adjusted p-value

threshold of 0.05 and gene count ≥2.

Protein–protein interaction network
generation and subnetwork analysis

The STRING database (http://string-db.org) was used to

integrate the DEG-encoded proteins, and their associations

with each other to enable comprehensive characterization of

the query proteins (Szklarczyk et al., 2017). We used it to create

the PPI network by mapping the gene symbols into unique

identifiers. The graphical visualization of the generated PPI

network was performed by Cytoscape software (Shannon et al.

, 2003). The molecular complex detection (MCODE) plug-in

algorithm of Cytoscape was applied to identify the highly

connected subnetworks based on the network connectivity

(K-core = 2, degree cutoff = 2, max depth = 100, and node

score cutoff = 0.2). Furthermore, the GO function and KEGG

pathway analysis of the DEGs included in the subnetworks were

analyzed using the clusterProfiler package of R software.

Identification and analysis of hub genes

We used the cytoHubba algorithm (a plug-in of Cytoscape

software) to find the top 20 genes in five algorithms (MCC,MNC,

Stress, EPC, and Degree), and regarded the overlapped genes as

the hub genes. The interacted network of the hub genes was

subsequently created to assign new functions to genes using the

GeneMANIA Cytoscape plug-in (Franz et al., 2018).

Verification of hub gene expression by
validation datasets

ThemRNA level of the hub genes was validated in the GDKD

(GSE47183) and TDKD (GSE47184) dataset. The glomerular

samples of GSE47183 included 14 DKD samples and 17 controls,

while the tubulointerstitial samples of GSE47184 had 18 DKD

samples and six controls. Significance testing was performed

using Student’s t-test. A p-value <0.05 was considered to be

statistically significant.

Exploration and validation of transcription
factors

TRRUST v2 (version 2) (www.grnpedia.org/trrust/) is an

online database to investigate the regulation of transcriptional

networks. It involves 8,444 TF–target interactions for

800 human TFs, and 6,552 TF–target interactions for

828 mouse TFs (Han et al., 2018). We used the TRRUST

v2 tool to acquire the hub gene–related TFs, and constructed

the coexpressed network of the TFs and their corresponding

hub genes. TFs with adjusted p-value <0.05 were identified as

statistically significant. Finally, the mRNA expression of the

selected TFs was verified in the validation datasets of GDKD

and TDKD.

Results

Principal component analysis and
identification of differentially expressed
genes

PCA plots showed that the intragroup data repeatability of

GDKD and TDKD in GSE30528 and GSE30529 were acceptable.
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The distances between each human glomerular or

tubulointerstitial samples were close in both the control group

and the DKD group (Figures 1A,B). In all, 348 DEGs were

identified from GDKD, whereas 463 DEGs from TDKD. The

heatmap plots of the top 20 DEGs in GDKD and TDKD are

displayed in Figures 1C,D, and the volcano plots of DEGs are

displayed in Figures 1E,F. Based on the Venn diagram tool, we

identified 163 common DEGs between GDKD and TDKD

(Figure 1G). After removing the genes with the opposite

expression trends in GDKD and TDKD, we finally identified

66 common DEGs (63 were upregulated and three were

downregulated) (Table 1).

Functional enrichment analysis of
common differentially expressed genes

GO and KEGG pathway analysis were analyzed to

evaluate the systematic functional pathway annotations of

common DEGs. The top 12 GO-enriched functions are

shown in Figure 2A. The common DEGs were enriched in

humoral immune response, acute inflammatory response of

BPs, collagen-containing extracellular matrix (ECM) of CCs,

and chemokine receptor binding and CCR chemokine

receptor binding of MFs. According to the KEGG

pathways, the common DEGs were enriched in

FIGURE 1
PCA analysis and DEGs identification in GSE30528 and GSE30529. (A) PCA of glomerular samples in GDKD (GSE30528). Red dots represent the
PCA values of nine glomerular samples in GDKD group, and the blue dots represent the PCA values of 13 glomerular samples in control group.
(B) PCA of tubulointerstitial samples in TDKD (GSE30529). Red dots represent the PCA values of 10 tubulointerstitial samples in TDKD group, and blue
dots represent the PCA values of 12 tubulointerstitial samples in control group. (C) Heatmap shows the top 20 significantly upregulated and
downregulated DEGs in GSE30528. (D) Heatmap shows the top 20 significantly upregulated and downregulated DEGs in GSE30529. (E) Volcano
diagram of GDKD included 348 DEGs. Red circles represent 93 upregulated DEGs, and blue circles represent 255 downregulated DEGs. (F) Volcano
diagram of GSE30529 included 463 DEGs. Red circles represent 340 upregulated DEGs, and the blue circles represent 123 downregulated DEGs. (G)
Venn diagram shows the overlapped DEGs between GDKD and TDKD. GDKD: glomerular diabetic kidney disease; TDKD: tubular diabetic kidney
disease; PCA: principal component analysis.

TABLE 1 Details of common DEGs.

Common DEGs Regulation Number

LTF, CXCL6, IGJ, MMP7, C3, LAPTM5, TNC, TAC1, CCR2, EVI2A, COL1A2, MS4A4A, IGKC, IGHM, CPA3, GZMA,
SERPINA3, CD53, RARRES1, COL6A3, C1QB, CD163, CCL19, CD52, AGR2, CD48, PYCARD, FN1, IL10RA, CCL5, CTSS,
TRBC1, MS4A6A, LUM, HS3ST1, THBS2, GZMK, RNASE6, WFDC2, MOXD1, FCER1A, ACKR1, TGFBI, CORO1A, TLR7,
IRF8, C1QA, MRC1, FMO3, REG1A, TDO2, LY86, CD2, C7, LTB, DYRK2, GPR18, CD3D, CD1C, LCK, VSIG4, UCP2, and
P2RY14.

Upregulated 63

NELL1, PTPRO, and ETNPPL. Downregulated 3
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complement and coagulation cascades, ECM–receptor

interaction, focal adhesion, and viral protein interaction

with cytokine and cytokine receptors (Figure 2B). These

results suggest that the inflammatory-related pathways and

ECM, especially chemokines and cytokines, are

associated with the development and progression of

GDKD and TDKD.

Protein–protein interaction network
generation and subnetwork analysis

We generated the PPI network based on a combined score >0.4.
As illustrated in Figure 3A, the PPI network consisted of 50 nodes

and 217 edges. Three highly connected subnetworks were identified

by the MCODE plug-in algorithm. These involved 31 nodes and

FIGURE 2
Functional enrichment analysis of 66 DEGs. (A) GO enrichment analysis of 66 common DEGs. (B) KEGG pathways of 66 common DEGs. We
considered adjusted p-value < 0.05 as significant. The blue triangle is the term on the right, and the red circle represents the enriched gene of the
corresponding pathway.
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101 edges with a large gene-level score of 9.077, 6, and 3, respectively

(Figures 3B–D). Based on GO functional analysis, the genes in the

subnetworks were primarily enriched in ECM and inflammatory

responsesmediated by cytokines and chemokines (Figure 3E). Based

on the KEGG pathway analysis, the genes in the subnetworks were

mainly enriched in ECM–receptor interaction, complement and

coagulation cascades, focal adhesion, and viral protein interaction

with cytokine and cytokine receptors (Figure 3F).

Identification and analysis of hub genes

Based on the overlapped parameters of the top 20 genes in the

five algorithms, 15 hub genes, namely, IL10RA, IRF8, LY86, C1QA,

C1QB, CD53, CD1C, CTSS, CCR2, CD163, CCL5, CD48, RNASE6,

CD52, and CD2 were identified using the Venn diagram

(Figure 4A). A detailed description of the hub genes is provided

in Table 2. We uploaded the hub genes on the GeneMANIA tool to

explore functionally similar genes. Among them, the coexpressed

network showed the functional annotation with coexpressed for

63.56%, predicted for 20.09%, colocalized for 10.08%, and physical

interaction for 6.27% (Figure 4B) Their functions were mainly

enriched in cellular response to interferon-gamma (IFN-γ), IFN-
γ production, regulation of T-cell activation, and regulation of T-cell
proliferation. This emphasizes the critical role of cytokines and

chemokines in DKD. GO analysis of the hub genes showed that the

JAK-STAT cascade, regulation of IFN-γ production, positive

regulation of T-cell chemotaxis, and regulation of T-cell

chemotaxis were the significantly enriched functions in DKD

(Figure 4C). KEGG pathway analysis showed that

cytokine–cytokine receptor interaction, complement and

coagulation cascades, and pertussis were the significantly

enriched pathways in DKD (Figure 4D).

Verification of hub gene expression in
validation datasets

To verify the reliability of the identified hub genes, we chose

two independent expression profiles containing GDKD and

TDKD, and explored the mRNA expression level of hub

genes. We identified that 15 hub genes were upregulated in

GDKD (Figure 5). The upregulated expression trend of

15 hub genes was also observed in TDKD (Figure 6).

Exploration and validation of transcription
factors

Three TFs (SPI1, RELA, and NFKB1) that have regulatory

relationships with the hub genes were obtained using the

TRRUST database (Figure 7A and Table 3). In addition, the

mRNA expression of these three TFs showed significantly

increased levels in GDKD and TDKD (Figures 7B,C). These

FIGURE 3
PPI network, highly connected subnetworks, and enrichment analyses of genes involved in subnetworks. (A) The PPI network included 50 nodes and
217 edges. Red diamonds represent upregulated genes, while green diamond represents downregulated genes. (B–D) Three highly connected subnetworks
have the gene-level score of 9.077, 6, and 3, respectively. Red diamonds represent upregulated genes. (E) GO analysis of the total genes involved in
subnetworks. (F) KEGG pathways of total genes involved in subnetworks. Size of the circles represents the number of enriched genes.
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FIGURE 4
Venn diagram, coexpressed network of hub genes, and enrichment analyses of hub genes (A) 15 hub genes were identified by five algorithms.
(B) Coexpressed network of hub genes was shown with the GeneMANIA online tool. The hub genes were located in the inner circle, while the
functionally similar genes were located in the outer circle. (C) GO enrichment analysis of hub genes was constructed using a bubble plot. (D) KEGG
pathway of hub genes was constructed using a bubble plot. Adjusted p-value < 0.05 was considered as significant.

TABLE 2 Detailed information of hub genes.

Gene
symbol

Full name Function

IL10RA Interleukin 10 receptor subunit alpha IL10RA is a receptor for interleukin 10 that has been shown to mediate the immunosuppressive signal of
interleukin 10, and thus inhibits the synthesis of proinflammatory cytokines

IRF8 Interferon regulatory factor 8 It is a transcription factor of the interferon regulatory factor family and is associated with interferon-gamma
signaling and cytokine signaling.

LY86 Lymphocyte antigen 86 It acts upstream of or within the positive regulation of lipopolysaccharide-mediated signaling pathway.

C1QA Complement C1q subcomponent
subunit A

It encodes the A-chain polypeptide of serum complement subcomponent C1q, and participates in and is
associated with lupus erythematosus and glomerulonephritis.

C1QB Complement C1q subcomponent
subunit B

It encodes the B-chain polypeptide of serum complement subcomponent C1q and participates in immune
response lectin-induced complement pathway and innate immune system.

CD53 CD53 molecule It plays a significant role in the regulation of cell development, activation, growth, and motility.

CD1C CD1c molecule CD1C is an antigen-presenting protein that binds self and nonself-lipid and glycolipid antigens and presents
them to T-cell receptors on natural killer T-cells.

CTSS Cathepsin S CTSS usually remodel components of the extracellular matrix and implicated in many inflammatory and
autoimmune diseases

CCR2 Chemokine C-C motif receptor 2 CCR2 is a receptor of CCL2 and regulates monocyte infiltration in inflammatory diseases

CD163 CD163 molecule It may function as an innate immune sensor for bacteria and inducer of local inflammation

CCL5 C-C motif chemokine ligand 5 CCL5 is a chemokine, a member of the CC subfamily, which functions as a chemoattractant for blood
monocytes, memory T helper cells, and eosinophils.

CD48 CD48 molecule CD48 is a ligand for CD2 and might facilitate interaction between activated lymphocytes.

RNASE6 Ribonuclease A family member k6 It is a member of the ribonuclease A superfamily and involved in defensins and innate immune system.

CD52 CD52 molecule CD52 may play a role in carrying and orienting carbohydrate.

CD2 CD2 molecule It is a surface antigen found on all peripheral blood T-cells and mediates adhesion between T-cells.
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TFs were coordinately involved in regulating the CCR2, CCL5,

CD163, and CTSS hub genes.

Discussion

DKD is a clinically and pathophysiologically heterogeneous

disease, and its etiology is not completely understood. DKD is

generally classified as a noninflammatory disease. However,

research during these years has established a clear link of

glomerular and tubulointerstitial lesions of DKD with the

systematic or local inflammatory responses (Flyvbjerg 2017).

This suggests that the inflammatory response is a key

mechanism of DKD. Inflammatory mediators, including

circulating tumor necrosis factor alpha (TNF-α), TNF

receptor 1(TNFR1), and serum amyloid A, are emerging as

potential biomarkers and therapeutic targets for DKD (Alicic

et al., 2018). Nonetheless, relevant results from trials of multiple

biomarkers are not consistent. Hence, pathways associated with

the pathogenesis of DKD must be elucidated to develop novel

biomarkers.

As an important driver of inflammatory responses, activated

complement strengthens the capacity of antibodies and

phagocytic cells to clear the pathogenic microorganisms and

damaged cells. Current studies have revealed that the

complement system is significantly involved in the

development of glomerular and tubulointerstitial lesions in

DKD (Flyvbjerg 2017). Increased expression of

proinflammatory cytokines produced by damaged glomerular

and tubular cells is of high significance in DKD. These

proinflammatory cytokines include IL-1, TNF, and CCL5/

RANTES (Navarro-González et al., 2011). In DKD, the

activated endothelium under high glucose and abnormal

hemodynamic conditions upregulate the expression of

cytokines and chemokines, and results in renal impairment

(Langer and Chavakis 2009; Moreno et al., 2014). The

inflammatory response is thought to contribute to renal

damage of DKD through two mechanisms. One dominant

mechanism is the direct interaction between the glomerular

and tubular cells. The other is via the release of chemokines,

cytokines, and profibrotic factors. Once activated by these

released mediators, the renal stromal cells release large

numbers of chemokines, which subsequently facilitate the

infiltration of leukocytes. These events amplify the

inflammatory process, leading to further damage to renal

structure and function (Luis-Rodríguez et al., 2012; Pichler

et al., 2017).

In the present work, we reanalyzed GSE30528 and

GSE30529 and identified 66 common DEGs in both the

human glomerular and tubulointerstitial samples of DKD.

FIGURE 5
mRNA level of hub genes in GSE47183. All hub genes are upregulated in GDKD samples compared with controls. *p < 0.05, *p < 0.01, ***p <
0.001. GDKD: glomerular diabetic kidney disease.
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FIGURE 6
mRNA level of hub genes in GSE47I84. All hub genes are upregulated in TDKD samples compared with controls. *p < 0.05. **p < 0.01, ***p <
0.001. TDKD: tubular diabetic kidney disease.

FIGURE 7
TFs regulatory network and TFs expression in GSE47183 and GSE47184. (A)Green diamonds represent TFs, and red circles represent hub genes.
(B,C) mRNA level of TFs in GSE47183 and GSE47184. *p < 0.05, **p < 0.01, ***p < 0.001. GDKD: glomerular diabetic kidney disease, TDKD: tubular
diabetic kidney disease.
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Among them, 15 DEGs, including IL10RA, IRF8, LY86, C1QA,

C1QB, CD53, CD1C, CTSS, CCR2, CD163, CCL5, CD48,

RNASE6, CD52, and CD2, were identified as the hub genes.

Functional enrichment analyses indicated that not only

inflammatory-related signaling pathways but also ECM-related

pathways were enriched in glomerular and tubulointerstitial

tissues of DKD, which had not been extensively studied in the

original article (Woroniecka et al., 2011). In particular,

chemokines and cytokines, such as regulation of IFN-γ
production, regulation of monocyte chemotaxis, positive

regulation of lymphocyte chemotaxis, regulation of T-cell

chemotaxis, and cytokine–cytokine receptor interaction, are

jointly involved in the glomerular and tubulointerstitial lesions

of DKD, further highlighting the importance of inflammatory

response in the onset and pathogenesis of DKD. Moreover,

deposition of ECM proteins (including collagen, laminin, and

fibronectin) in the renal glomerulus and tubulointerstitial can

lead to glomerulosclerosis and tubulointerstitial fibrosis, which,

in turn, constitute the characteristic lesions of DKD (Hu et al.,

2015). The JAK-STAT cascade is also enriched in DKD, and this

enrichment was particularly relevant to the pathogenesis of

DKD. High glucose activates the JAK-STAT pathway in

mesangial cells, with concomitant mesangial cell proliferation

and accumulation of ECM proteins (Wang et al., 2002). Potential

roles of the JAK/STAT pathway in the human glomerular and

tubulointerstitial tissues of DKD have also been validated via

transcriptomic approaches (Marrero et al., 2006). Compared

with the original article, we also found that three TFs (SPI1,

RELA, and NFKB1) might have a regulatory relationship with

specific hub genes. By verifying their expression levels in

validation datasets, we found that three TFs were upregulated

in human glomerular and tubulointerstitial samples of DKD.

These TFs coordinately regulate hub gene expression (CCR2,

CCL5, CD163, and CTSS).

Hyperglycemia, intraglomerular hypertension, and

overactivated neurohormone promote the activation of

inflammatory and profibrotic biological processes, thus resulting

in glomerular and tubulointerstitial lesions in DKD. Under such

conditions, anti-inflammatory and antifibrosis effects may facilitate

the use of renal protective agents, such as adhesion molecule

inhibitors, sodium-dependent glucose transporters 2 inhibitors,

and IL-1β antagonists in combination with the conventional

renin-angiotensin-aldosterone system (RAAS) inhibitors in

patients with DKD (Lytvyn et al., 2020; Moisi et al., 2020; Moisi

et al., 2021). It should be noted that the observed transcriptional

alternations may be the drivers of the renal structural and functional

changes in DKD. Thus, identifying the biomarkers that indicate the

potential pathogenesis behind the development and progression of

DKD may contribute to developing more targeted therapies in

personalized patients (Barrera-Chimal and Jaisser 2020).

Infiltration of immune cells in renal tissues is a defining

feature of early DKD, and is associated with the increased risk of

progression in DKD. Chemokines and their receptors are the

chief molecules of immune cells that are involved in

inflammatory responses (Pérez-Morales et al., 2019). C–C

motif chemokine ligand 2 (CCL2), C–C motif chemokine

ligand 5 (CCL5), and their receptors CCR2 and CCR5,

respectively, are reported to have a close connection with

DKD. As the major receptor of CCL2, CCR2 is mainly

characterized by the distribution of macrophages and

monocytes in renal tissues (Navarro-González et al., 2011). It

mediates interstitial inflammation, tubulointerstitial fibrosis,

podocyte damage, and glomerulosclerosis (Chow et al., 2006;

Park et al., 2008; Lee et al., 2009). RO5234444, an inhibitor of

CCR2, can reduce the infiltration of inflammatory cells in

diabetic mice and block the progression of DKD. In human

tubulointerstitial samples of DKD, the expression of CCL2 was

increased (Satirapoj 2018), and urinary excretion of

CCL2 contributed to renal tubular damage and albuminuria

(Morii et al., 2003). Previous studies suggested that the CCL2/

CCR2 signaling pathway induces podocyte injury and increases

podocyte permeability to albumin (Morii et al., 2003). However,

treatment with a CCR2 antagonist (RS102895) attenuated the

morphological changes including the thickening of glomerular

filtration membrane in diabetic mice, expansion of the

mesangium, and the effacement of podocyte foot processes

(Seok et al., 2013). CCL5 is expressed by multiple cell types,

namely, fibroblasts, mesangial cells, and renal tubular epithelial

cells. It actively participates in the recruitment of monocytes,

macrophages, and T-cells to the renal glomerular and

tubulointerstitial (Wolf et al., 1993; Appay and Rowland-Jones

2001). Increased expression of CCL5 in mesangial cells and

tubular cells is apparently induced by the NF-κB–dependent
pathways (Schmid et al., 2006), enhanced glomerular filtration of

growth factors, and other abnormal factors related to DKD (Wolf

et al., 1997). In patients with type 2 diabetes mellitus and overt

TABLE 3 Key transcription factors (TFs) of hub genes.

Key TFs Description Q value List
of overlapped genes

SPI1 Spleen focus forming virus (SFFV) proviral integration oncogene spi1 5.98E-05 CCL5, CTSS, CD163

RELA V-rel reticuloendotheliosis viral oncogene homolog A (avian) 0.0313 CCR2, CCL5

NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 0.0313 CCL5, CCR2
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nephropathy, the renal biopsies of CCL5 are significantly

elevated, especially in tubular cells, and this increase is

directly correlated with proteinuria and interstitial cellular

infiltration (Mezzano et al., 2004). Evidence of association

between Japanese patients and DKD indicated that the

CCL5 promoter-28G genotype and CCR5 promoter-59029A

genotype might additively be associated with DKD. This

further emphasizes the key role of the CCL5/CCR5 signaling

pathway in the development of DKD (Nakajima et al., 2003).

One notable feature of DKD is the influx of inflammatory cells

in the renal tissues. This has been reported to have a connection with

the differences in macrophage phenotype and function, including

the proinflammatory M1 phenotype and anti-inflammatory

M2 phenotype. CD163, a specific marker of the anti-

inflammatory monocyte and M2 macrophages, is capable of

transmitting signals upon and thus releasing the anti-

inflammatory mediators such as IL-10 (Ricardo et al., 2008; Van

Gorp et al., 2010). To our knowledge, macrophages isolated from

diabetic kidneys indicate that both M1 andM2 phenotypes coexist (

You et al., 2013). However, the expression of anti-inflammatory

M2 phenotype (CD163) is lower than that of proinflammatory

M1 phenotype (Ricardo et al., 2008; You et al., 2013). A histological

study of renal autopsy samples from individuals with diabetes

mellitus revealed a 2:1 ratio of M1:M2 cells in the glomerulus

and tubulointerstitium. Moreover, it found that the accumulation

of M2 cells was associated with interstitial fibrosis and tubular

atrophy (Klessens et al., 2017). The observed imbalance between

M1 and M2 (CD163) phenotype might drive inflammation and

fibrosis in the pathogenesis of DKD. Thus, targeting CD163 may be

a promising approach for the inflammatory-based treatment

of DKD.

Early endothelial dysfunction is thought to be important for

the pathogenesis of DKD (Nakagawa et al., 2011). The traditional

view holds that the loss of endothelial nitric oxide synthase is a

cause of endothelial dysfunction. However, a recent study showed

that macrophage-derived cathepsin S (CTSS) was likely to

accelerate endothelial damage in DKD (Kumar Vr et al., 2016).

Cathepsin S, a member of the family of cysteine proteases, is

associated with protein degradation in the endosomal/lysosomal

pathway, and cleaves substrates like protease-activated receptor-2

(PAR-2) (Wilkinson et al., 2015). Increased levels of CTSS in

serum have been reported in many diseases, and relate to diabetes

mellitus and heart disease (Liu et al., 2006; Vesey et al., 2007).

Macrophage-derived CTSS mediates cell damage by activating

PAR-2 located on endothelial cell surface. The application of

the PAR-2 inhibitor (GB83) reduced endothelial cell injury and

glomerulosclerosis, and this provided the first evidence for the

pathogenic role of PAR-2 in DKD (Nikolic-Paterson, 2016). More

importantly, treatment of diabetic kidney disease in

uninephrectomized db/db mice with a selective CTSS inhibitor

(RO5461111) improved endothelial injury, albuminuria, and

glomerulosclerosis as well as albumin leakage in the retina

(Kumar Vr et al., 2016). The observed benefits were correlated

with renoprotection against podocyte injury and loss, endothelial

cell injury and loss, and decrease of macrophage infiltration and

inflammatory biomarkers (Kumar Vr et al., 2016).

A previous study examined the inflammatory and profibrotic

genes associated with DKD. It found that the expression of

CCR2, MOXD1, COL6A3, COL1A2, PYCARD, and C7 was

increased in human kidney biopsy of DKD, as well as in DKD

mice in vivo (Chen et al., 2022). Our article also found that novel

genes related to inflammatory responses like IL10RA, IRF8,

LY86, CD53, CD48, RNASE6, and CD52 are highly expressed

in both glomerular and tubulointerstitial samples of DKD.

Indeed, the inflammatory-related signaling pathway, which

was noticed to involve a large number of genes, would

mediate the activation of cytokines and chemokines.

Using the integrated bioinformatics analysis, Jiao et al. (2021)

showed that C1q and C3 are the dominant complement-related

mediators in GDKD. They are upregulated in the glomerular

biopsy samples of DKD, and patients with C1q and

C3 deposition had more severe glomerular class. In addition,

Xu et al. (2021) showed that immune response played a

significant role in TDKD, and VCAN was identified as a

crucial gene in the immune processes during TDKD

progression. However, few articles focused on the shared genes

and biological pathways between the glomerular and

tubulointerstitial lesions in DKD. Since renal glomerular and

tubulointerstitial damages both have crucial roles in the

progression of DKD, we pay more attention to the common

genes and TFs between GDKD and TDKD. This microarray

data analysis has been proven to be successful in other diseases

(Fang et al., 2020; Su et al., 2021). We further explored the

associated TFs, and validated their expression levels in

validation datasets of TDKD and GDKD. We believe that our

study will offer additional insights into the biological pathways and

markers to enable the prevention of DKD progression.

Limitations

There are several limitations to existing studies. 1) Most

transcription studies of DKD were carried out for European

populations and paid relatively less attention to non-

European populations with a high incidence of DKD.

Therefore, the summarized results might lack global

representation. 2) The current research merely analyzed the

microarray datasets of DKD at the transcription level, without

the involvement of genomics, proteomics, and metabolomics.

This may lead to an incomplete understanding of the

mechanisms and biomarkers of DKD. 3) The microarray

datasets are unable to discover gene profiles with the

underdeveloped and less known sites, and are restricted to

a limited number of gene sites owing to their low sensitivity. In

summary, the potential directions for future research should

take these factors into account.
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Conclusion

This study used the microarray data analysis to analyze and

compare the common DEGs, biological pathways, hub genes, and

TFs between the glomerular and tubulointerstitial lesions in DKD.

This will enable physicians to understand the molecular

pathomechanisms of DKD and offer an early and precise

diagnosis for patients. Future practices are required to focus on

clinical applications, with sustained efforts to increase awareness

about the importance of molecular targets for treating DKD.
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