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Abstract
Introduction ‒ Diabetic kidney disease (DKD) represents
serious diabetes-associated complications, and podocyte
loss is an important histologic sign of DKD. The cellular

and molecular profiles of podocytes in DKD have yet to
be fully elucidated.
Methods ‒ This study analyzed kidney-related single-nucleus
RNA-seq datasets (GSE131882, GSE121862, and GSE141115) and
human diabetic kidney glomeruli transcriptome profiling
(GSE30122). ARHGAP28 expression was validated by western
blot and immunohistochemistry.
Results ‒ In human kidney tissues, 154 differentially expressed
genes (DEGs) were identified in podocytes, which were
enriched in biological processes related to nephron devel-
opment and extracellular matrix–receptor interactions.
Similarly, in the mouse kidney, 344 DEGs were found, clus-
tering in pathways associated with renal development and
signaling mechanisms like PI3K/Akt (phosphatidylinositol-3
kinase/protein kinase B) and PPAR (peroxisome proliferator-
activated receptor). In diabetic human kidney glomeruli, 438
DEGs were identified, showing significant enrichment in
pathways related to diabetic nephropathy. Venn analysis
revealed 22 DEGs common across human and mouse podo-
cytes and diabetic glomeruli, with ARHGAP28 being notably
overexpressed in podocytes. The diabetic nephropathy
model using db/db mice showed that ARHGAP28 expression
was significantly upregulated in the kidney cortex and glo-
meruli. In vitro studies using a high-glucose podocyte model
corroborated these findings.
Conclusions ‒ Collectively, this study provides an insight
into the function and diagnosis of DKD and indicates that
ARHGAP28 in podocytes is a potential biomarker of DKD.

Keywords: diabetic kidney disease, DKD, single-nucleus
RNA sequencing, snRNA-seq, podocyte, ARHGAP28

1 Introduction

Globally, diabetes is the main reason for renal failure.
Complications of the kidney microvascular are common in dia-
betic patients, leading to proteinuria [1–4], which induced ∼35%
of the diabetic cases progressing into diabetic nephropathy
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(diabetic kidney disease [DKD]) [5–8]. Pathological features
of DKD include glomerular basement membrane thickening,
mesangial expansion, and podocyte loss, which ultimately
lead to end-stage renal disease [9,10]. Podocyte injury is an
essential factor leading to the occurrence and progression of
DKD [11–15]. Because of the complexity of metabolic disor-
ders, the treatment will be more difficult than other kidney
diseases once diabetes has developed into DKD. Therefore,
understanding the molecular mechanism of renal podocytes
is crucial for the clinical treatment of DKD.

Although RNA sequencing has been used in several
studies of DKD, relatively little is known about pathways
and cell types that contribute to DKD progression. Single-
nucleus RNA sequencing (snRNA-seq) is a powerful tool for
deciphering the cellular landscape for complex tissues,
which can significantly advance the characterization of
cell-type diversity and composition and advance our knowl-
edge in biological systems [16,17]. For example, Wilson et al.
revealed the single-cell transcriptomic landscape of early
human DKD [18]. Nevertheless, more specific analysis and
research for underlying genetic mechanism of early DKD
remain rare. Deciphering single-cell atlas in DKD provides
a valuable data resource for illustrating DKD from multiple
perspectives and opens up the possibility of developing new
and more targeted treatment methods for DKD.

This investigation aimed to verify the vital role of podo-
cytes and potential biomarkers in DKDbased on kidney-related
single-nucleus RNA-seq datasets (GSE131882, GSE121862, and
GSE141115), human diabetic kidney glomeruli transcriptome
profiling (GSE30122), and integrated bioinformatics analysis.
The snRNA-seq datasets of human DKD were downloaded
from a public database. The essential differentially expressed
genes (DEGs) in podocytes were identified, and functional
enrichment analysis was performed to dig out the core sig-
naling pathways. In addition, the potential genetic biomarker
in DKD was also identified and verified using a db/db mice
model and a podocyte model. The identification of podocytes
and potential biomarker offers the possibility for preventing or
substantially delaying the onset of DKD.

2 Materials and methods

2.1 Data acquisition

The scRNA-seq datasets of DKD samples included in this
study for analysis (Accession numbers GSE131882 [18],
GSE121862 [19], GSE141115 [20], and GSE30122) were down-
loaded from NCBI’s Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/). GSE131882 included three early

human DKD samples and three control samples. GSE121862
included two kidney regions (cortex and medulla) obtained
from 15 different individuals. GSE141115 comprised 12 single
nuclei using healthy adult mouse kidneys, with 3 biological
replicates included per condition. Transcriptome profiling
by an array of GSE30122 contained 19 DKD samples and 50
corresponding controls, and the glomerulus samples were
used for analysis in this study.

2.2 Cell clustering and DEGs

The R software packages Seurat (4.3.0) and clusterProfiler
(4.6.0) were used to process data. We filtered out the genes
expressed in less than three cells and cells with less than
500 genes. The data were for single-nuclear sequencing, so
mitochondrial gene filtering was not involved. Then, the
top 2,000 hypervariable genes (HVGS) were calculated by
normalized (log-normalized) and scaled and analyzed by
integration with canonical correlation analysis. First, prin-
cipal component analysis (PCA) was run, and the first 30
principal components (PCs) were selected with a resolution
of 0.5 for clustering. The cell type annotation was based on
a typical marker. We calculated the threshold of marker
gene with “min.pct” = 0.25 and “log FC threshold” = 0.25
(FC = fold change). The differential genes were identified
with a threshold P value <0.05. Subgroup cells were
extracted from the total cells, and the PCA and clustering
were recalculated. The first five PCs were used for clus-
tering with a resolution of 0.2.

2.3 Differential expression analysis

The differentially expressed mRNAs in podocytes were
identified based on expression profiling. Quality control,
normalization, differential analysis, and enrichment ana-
lysis of the original data were carried out using the Affy
algorithm, with the criterion |log2(FC)| >2 and P < 0.05.

2.4 Functional enrichment analysis

ClusterProfile in R was utilized to conduct gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) ana-
lyses [21]. P-value < 0.05 was set as the cut-off criterion. Gene
set enrichment analysis (GSEA) was performed using GSEA
software [22]. The H (hallmark) gene sets were downloaded
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from the molecular signatures database (MSigDB) (https://
www.gsea-msigdb.org/gsea/msigdb/), and gene sets were
rated by the gene set variation analysis (GSVA) method and
using the GSEABase algorithm.

2.5 Clinical samples

Renal biopsy specimens from patients diagnosed with type
2 diabetic nephropathy were collected from the First
Affiliated Hospital of Gannan Medical University. The diag-
nosis of diabetic nephropathy was confirmed for all speci-
mens based on biopsy results. Additionally, adjacent
normal tissue specimens were obtained from patients
undergoing renal cancer resection at the same institution.
All collected specimens were processed and preserved in
paraffin for subsequent analyses. This study was approved
by the Ethics Committee of the First Affiliated Hospital
of Gannan Medical University. Written informed consent
was obtained from all participants prior to specimen
collection.

2.6 Animal model

Eight-week-old C57BLKS/J db/db diabetic (n = 6) and db/m
(n = 6) normal male mice were obtained from the Model
Animal Research Center of Nanjing University (Nanjing,
China). All animals were maintained in a temperature-con-
trolled room at the animal center of South China
Agricultural University Institutional Animal Care. All experi-
mental protocols were performed in accordance with the
Ethics Review Committee for Animal Experimentation of
South China Agricultural University (No. 2020D077). After
24 weeks, the serum samples (extracted from eyeballs),
24 h urine samples, and kidney tissues were collected for
further study.

2.7 Periodic acid-Shiff (PAS) staining

PAS staining was used to detect glycogen and other poly-
saccharide substances. Briefly, the renal tissue was col-
lected and soaked in 10% neutral-buffered formalin
(NBF). The kidney tissue was embedded in wax and sec-
tioned, and then it was dewaxed with water to prepare
paraffin sections (4 μm). After being washed with double-
distilled water (ddH2O) for 2 min, the slices were dripped

with a solution of PA and oxidized for 5 min. Slices were
instilled with the Schiff reagent and infected for 15 min.
Then, hematoxylin staining solution was added dropwise
to stain the nucleus for 2 min. The stained sections were
washed with running water for 5 min and then differen-
tiated with an acidic ethanol differentiation solution. Next,
the slices were washed with Scott’s reverse blue water for
3 min. The final slices were sealed with neutral gum.

2.8 Immunohistochemistry

The kidney tissue was fixed in 4% paraformaldehyde for
24 h. The embedded paraffin blocks were sliced and
dewaxed. Then, immunohistochemical staining was per-
formed. The sodium citrate antigen repair solution was
added to the sample and fixed with microwaves for
30 min, allowing it to cool naturally at room temperature.
A solution of 3% H2O2 and 5% BSA blocking solution were
dripped onto a glass slide and incubated at room tempera-
ture and at 37°C in the dark for 30min. The sealing liquid
was gently shaken, and the prepared first antibody
ARHGAP28 (1:100; rabbit, 84642; Novus) was added to the
slide and incubated for 2 days in a wet box at 4°C. The
biotin-labeled goat anti-rabbit IgG (No. KIT-9710;
Servicebio) was added, and the slides were placed in an
incubator and incubated at 37°C for 30min. 3,3′-
Diaminobenzidine chromogenic solution was added to
stain the specimen until a brown color is visible under a
microscope. The sample was re-stained with hematoxylin
for 5 min, then stained with PBS for 5 min until the blue
color returned, immersed in anhydrous ethanol for 10 min,
and washed with xylene for 10 min. Finally, the sample was
dried and sealed with neutral gum.

2.9 Podocyte culture

Human glomerular podocytes were cultured in Dulbecco’s
modified Eagle medium high glucose complete medium in
type-I collagen coated flasks at 33°C in RPMI-1640 supple-
mented with 10% fetal bovine serum and 50 U/mL γ-inter-
feron (IFN-γ). To induce differentiation, podocytes were
cultured at 37°C in the absence of IFN-γ for 10–14 days.
Podocytes were divided into two groups: HG and NG
groups. The HG group was incubated with 30.0 mmol/L
glucose and NG group with 5.3 mmol/L glucose for 48 h.
After treatment, podocytes were collected for mRNA or
protein extraction.
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2.10 Quantitative reverse-transcription
polymerase chain reaction (qRT-PCR)

RNA in cells or tissues was extracted with Trizol. The con-
centration and purity of RNA were determined with
NanoDrop 2000C. RNA were reverse-transcribed into
cDNA using the PCR kit. Then, the qRT-PCR was conducted
according to the following settings: 95°C for 35 s, 60°C for
30 s, 95°C for 10 s, and 65°C for 5 s. After the reaction, the
amplification curve and the fusion curve were confirmed,
and the 2-△△CT (CT = threshold cycle) value representing
the relative expression of mRNA was calculated. The
sequences synthesized by Fuzhou Shangya Biosynthesis
are as follows:

GAPDH-F: 5′-TGTGTCCGTCGTGGA TCTGA-3′,
GAPDH-R: 5′-TTGCTGTTGAAGTCGCAGGAG-3′
ARHGAP28-F: 5′-TTAGTCGCTCCAACTCTCAAGC-3′,
ARHGAP28-R: 5′-GATACTCTCAATTTCCCGCAGG-3′.

2.11 Western blot analysis

Two groups of podocytes with different glucose concentra-
tions were lysed with RIPA lysis buffer. Protein concentra-
tions were quantified using the Bradford assay kit
(Beyotime). They were separated by 9% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with 30 μg pro-
tein. Then, they were transferred to the polyvinylidene
fluoride (PVDF) membrane (Amersham Biosciences, CA,
USA). After blocking, the membrane was incubated over-
night with the ARHGAP28 antibody (1:100; rabbit, 84642;
Novus) at 4°C. After washing, Goat anti-rabbit IgG
(1:10,000, Jackson ImmunoResearch Labs, West grove, PA,
USA) bound with horseradish peroxidase was added, and
the samples were cultured at room temperature for 1 h.
PVDF films were washed and developed with ECL Plus
Western blotting reagent (Pluslight, Forever Lighting,
China) and then exposed to X-ray films (Kodak,
Rochester, NY, USA). The developed strips were quantified
by BandScan software.

2.12 Statistical analysis

Statistical analyses were conducted using GraphPad Prism
7.0 (GraphPad, La Jolla, CA, USA). Unpaired t tests were
used to compare the mean values between groups. All
results are presented as mean ± standard deviation (SD).
P < 0.05 was considered to be statistically significant.

Informed consent: The patients/participants provided
their written informed consent to participate in this study.
Written informed consent was obtained from the indivi-
dual(s) for the publication of any potentially identifiable
images or data included in this article.

Ethical approval: The animal study protocol was approved
by the Ethics Review Committee for Animal Experimentation
of First Affiliated Hospital of Gannan Medical University
(No. 2020D077). The collection of clinical samples was
approved by the Ethics Committee of First Affiliated
Hospital of Gannan Medical University (No. 2024168).

3 Results

3.1 Single-nucleus analysis reveals DEGs of
podocytes in the adult human kidney

The single-nucleus expression profiling of the adult human
kidney (GSE131882 and GSE121862) was downloaded from
the GEO database to perform the bioinformatics analysis.
As shown in Figure 1a, a total of 20 cell clusters in human
kidney tissue were identified and presented in the uniform
manifold approximation and projection (UMAP) method.
The cell composition of the 20 clusters in the adult human
kidney is presented in Figure 1b. Focusing on the expres-
sion level of markers of podocytes, cluster 12 was identified
as the podocyte in the adult kidney (Figure 1c and d). Further-
more, the DEGs between the podocyte and non-podocyte types
were screened out. As shown in Figure 1e, 154 DEGs were
identified, which included the 126 upregulated and 28 down-
regulated DEGs (screening criteria: P < 0.05 and |avg_log2FC|
>1). To further investigate the function of these DEGs, enrich-
ment analysis was performed. The enrichment of GO terms
indicated that these DEGs were clustered in the biological pro-
cess associated with kidney and nephron development (Figure
1f). The enrichment of KEGG pathways revealed that DEGs
participated in the extracellular matrix (ECM)–receptor inter-
action (Figure 1g), which is also related to chronic kidney dis-
ease [23]. These results reveal that DEGs of podocytes partici-
pate in nephron development in the adult human kidney.

3.2 Single-nucleus analysis reveals DEGs of
podocytes in the adult mouse kidney

In the next step, we subsequently explored the single-
nucleus expression profiling in the adult mouse kidney.
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Figure 1: Single-nucleus analysis of the adult human kidney (GSE121862 and GSE131882) and DEGs of podocytes. (a) Cell clusters of adult human
kidney and source of the datasets. (b) Cell composition of adult human kidney. (c) Expression of podocyte markers (feature plot). (d) Expression of
podocyte markers (violin plot). (e) Volcano plot of DEGs (podocytes vs non-podocytes). (f) GO enrichment of podocyte DEGs (top ten terms). (g) KEGG
enrichment of podocyte DEGs.
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Figure 2: Single-nucleus analysis of adult mouse kidney (GSE141115) and DEGs of podocytes. (a) Cell clusters of adult mouse kidney and sequencing
protocol of the datasets. (b) Cell composition of adult mouse kidney. (c) Expression of podocyte markers (feature plot). (d) Expression of podocyte
markers (violin plot). (e) Volcano plot of DEGs (podocytes vs non-podocytes). (f) GO enrichment of podocyte DEGs (top ten terms). (g) KEGG
enrichment of podocyte DEGs (top 10 terms).
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Based on the single-nucleus datasets of GSE141115, a total of
32 clusters were identified in the adult mouse kidney
(Figure 2a). The cell composition of adult mouse kidney is
presented in Figure 2b. According to the expression signa-
tures of podocyte markers, cluster 21 was identified to be
the podocyte (Figure 2c and d). To screen out characteristic
genes of podocytes at the molecular level, the DEGs in-

between the podocyte and non-podocyte types were iden-
tified. As shown in Figure 2e, 122 upregulated and 222
downregulated DEGs were screened out (screening cri-
teria: P < 0.05 and |avg_log2FC| >1). These DEGs were
clustered in GO terms for renal system, kidney, and
nephron development (Figure 2f). In addition, these DEGs
were enriched in PI3K/Akt (phosphatidylinositol-3 kinase/

Figure 3: DEGs of diabetic human kidney glomeruli microarray dataset (GSE30122). (a) Volcano plot of DEGs. (b) GO BP enrichment of DEGs. (c)
Heatmap of DEG expression. (d) GSEA enrichment of DEGs.
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protein kinase B), calcium, Rap1 (Ras-related protein 1),
and PPAR (peroxisome proliferator-activated receptor) sig-
naling pathways based on KEGG enrichment analysis
(Figure 2g). The results of single-nucleus analysis reveal
that DEGs of podocytes participate in nephron develop-
ment in the adult mouse kidney.

3.3 Identification of DEGs in human diabetic
kidney glomeruli

Glomerular podocytes are essential in maintaining the glo-
merular filtration barrier function [24]. Hence, the diabetic
human kidney glomeruli microarray dataset (GSE30122) was
downloaded for further analysis. As shown in Figure 3a, the
volcano plot demonstrated that 323 upregulated DEGs and
115 downregulated DEGs in-between the diabetic human
kidney and control human kidney samples were identified
(screening criteria: P < 0.05 and |avg_log2FC| >1). Clustering
relationships between samples or genes are displayed in a
heat map (Figure 3c). The DEGs were used to conduct the GO
enrichment, and the biological process of neutrophil was sig-
nificantly enriched (Figure 3b). Hyperglycemia can affect the
adhesion, chemotaxis, phagocytosis, and bactericidal effects
of neutrophils [25]. Furthermore, the GSEA enrichment of
DEGs was also conducted, and diabetic nephropathy asso-
ciated pathway was significantly activated (Figure 3d). These
results illustrate the vital role of DEGs in diabetic human
kidney glomeruli to participate in diabetic nephropathy.

3.4 ARHGAP28 is highly expressed in
podocytes in single-cell data of kidney

To find out the vital DEGs that are commonly expressed in
human podocytes, human orthologs of DEGs of mouse
podocytes, and diabetic kidney glomeruli DEGs, Venn ana-
lysis was performed. As illustrated in Figure 4a, the
overlap of 3 parts of DEGs were presented, and 22 common
DEGs were identified, including ARHGAP28, MAGI2, NPHS1,
SYNPO, TSPAN2, and so on. Expression of 22 overlapping
common DEGs in human single-cell datasets is shown in a
violin plot, and all cells were grouped into podocytes and non-
podocytes (Figure 4b and c). Based on the expression level of
the 22 overlapping commonDEGs in podocytes and non-podo-
cytes, ARHGAP28 was found to be remarkably highly
expressed in podocytes. The expression level of ARHGAP28
was obviously presented in cluster 12 (podocyte) in the UMAP
of human single-cell data (Figure 4d). Besides, the expression
of ARHGAP28 in mouse single-cell data was obviously

observed in cluster 21 (podocytes) (Figure 4e). The sub-clus-
ters of human podocytes (Figure 4f) and expression of
ARHGAP28 in human podocyte sub-clusters (feature plot)
(Figure 4g) were shown. The sub-clusters of human podocytes
(Figure 4h) and expression of ARHGAP28 in mouse podocyte
sub-clusters (feature plot) (Figure 4i) were also shown. The
above proofs reveal that ARHGAP28 is highly expressed in
podocytes in single-cell data of human diabetic kidney.

3.5 ARHGAP28 is highly expressed in the DKD
animal model and the podocyte model

Further, in order to verify the expression level of
ARHGAP28 in DKD, we used db/db diabetic mice to con-
struct a DKD animal model. As shown in Figure 5a, the
body weight is enhanced in db/db diabetic mice compared
with controls. In addition, a significantly increased concen-
tration of biomarkers of renal injury (blood glucose and
urine albumin/creatinine) was observed in the db/db dia-
betic mice model (Figure 5b and d). Besides, obvious glomer-
ular injury was observed in histopathological examination,
such as glomerular hyaline droplets and increased mesan-
gial matrix (Figure 5e and f). These results implied the suc-
cessful construction of the db/db diabetic mice model.

Western blot analysis showed that ARHGAP28 protein
was significantly upregulated in the mouse kidney cortex
in the db/db group compared to the normal group (Figure
6a and b). The immunohistochemical staining of glomer-
ular ARHGAP28 from mouse kidney sections is presented
in Figure 6c, and significantly higher protein levels of
ARHGAP28 were detected in db/db mouse kidney tissues
compared to normal tissues (Figure 6d). Consistently,
ARHGAP28 protein expression was higher in the human
kidney tissues from DKD patients than that from controls
(Figure S1). In in vitro studies, we established a DKD cel-
lular model by treating the podocytes with high glucose,
and we consistently found that ARHGAP28 expression in
podocytes stimulated by high glucose was higher than that
in controls (Figure 6e). These results indicate that
ARHGAP28 was a highly expressed gene and a potential
biomarker in DKD in vitro and in vivo.

4 Discussion

DKD is a serious diabetic complication and a major cause
of end-stage renal disease [26]. Histologic signs of diabetic
nephropathy include glomerular basement membrane
thickening, mesangial expansion, and podocyte loss,
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Figure 4: Narrow down target genes and ARHGAP28 expression in single-cell data. (a) Overlap between DEGs of human podocytes, human orthologs
of DEGs of mouse podocytes, and diabetic kidney glomeruli DEGs. (b) Expression of 22 overlap genes in human single-cell data (violin plot); all cells are
grouped into podocytes and non-podocytes. (c) Expression of 22 overlap genes in mouse single-cell data (violin plot); all cells are grouped into
podocytes and non-podocytes. (d) Expression of ARHGP28 in human single cell data (feature plot). (e) Expression of ARHGAP28 in mouse single cell
data (feature plot). (f) Sub-clusters of human podocytes. (g) Expression of ARHGAP28 in human podocyte sub-clusters (feature plot). (h) Sub-clusters of
mouse podocytes. (i) Expression of ARHGAP28 in mouse podocyte sub-clusters (feature plot).
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resulting in subsequent end-stage renal disease [27]. To date,
DKD is characterized by damage to both the glomerulus and
tubulointerstitium [28]. However, the accompanying gene
changes in specific cells that precede overt DKD is poorly
understood. Newer genetic markers for early-stage DKD are
urgently needed. The snRNA-seq is a precise tool to reveal
complex and rare cell populations and track distinct cell
lineage trajectories in development [29,30]. This method
has attracted the researchers’ attention and increasingly
used in disease studies [31]. Here, analysis based on
snRNA-seq data sets was performed to further explore the
central remodeling cell subtypes and potential biomarkers
in DKD.

Podocytes are an important cell type in DKD.
Glomerular podocytes are an essential glomerular filtra-
tion barrier. As severe podocyte injury results in protei-
nuria in patients with DKD, the investigation of genetic
biomarkers in podocytes provides a deeper understanding
for novel diagnosis and treatment [32]. Structural changes
or injuries in podocytes are related to renal injury leading
to severe renal insufficiency and DKD [33]. In addition,
Mahtal et al. recently revealed the intricate relation of
endothelial cells with podocytes. During DKD, endothelial
cells and podocytes are stressed and damaged [1]. In this
study, we identified podocytes as significant cell type
in DKD.

Figure 5: DKD modeling. (a) Body weight, (b) blood glucose, (c) serum creatinine, (d) urine albumin/creatinine, (e) semi-quantitative analysis of
mesangial matrix, (f) representative photomicrographs of PAS staining of glomeruli of db/db mice and nondiabetic mice. *P < 0.05. Scale bar = 25 µm.
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Podocyte loss is an important histologic sign of DKD
[34]. However, the signaling pathways of podocyte loss
contributing to DKD progression are not fully understood.
Our investigation identified DEGs in podocytes. Enrich-
ment analysis of DEGs indicated that DEGs in podocytes
may be involved in kidney/nephron development. The
GSEA results indicate that the diabetic nephropathy asso-
ciated pathway was significantly activated when the DEGs
of podocytes were upregulated. Hence, we focused on the
potential contribution of DEGs in podocytes to single-cell
data of kidneys. Single-nucleus RNA sequencing of both
human and mouse kidneys revealed that ARHGAP28 is
among the top DEGs in podocytes, with its expression par-
ticularly enriched in processes linked to nephron develop-
ment and ECM–receptor interactions – pathways crucial
for maintaining kidney structure and function. Further
analysis of diabetic human kidney glomeruli demonstrated
that ARHGAP28 is also highly upregulated in diabetic con-
ditions, suggesting its potential role in the pathogenesis of
diabetic nephropathy. Venn analysis identified ARHGAP28
as one of the 22 DEGs common to human and mouse podo-
cytes and diabetic kidney glomeruli, highlighting its con-
served function across species and disease models. Given
its consistent overexpression in both normal and diabetic

conditions, ARHGAP28 emerges as a prime candidate for
functional assays to explore its role in podocyte biology
and its potential as a therapeutic target in kidney diseases.

ARHGAP28 is a critical Rho GTPase activating protein
that regulates the formation and migration of the cytoske-
leton by converting the active state of RhoA into an inac-
tive state [35]. This protein is mainly located in the cyto-
plasm and is highly expressed in various cell types,
including podocytes in the kidney, hepatic stellate cells in
the liver, outer root sheath cells in the skin, and sperm cells
in the testes. Research has found that the promoter region
of ARHGAP28 exhibits significant methylation in colon
cancer cells with high metastatic potential. This change
may lead to the persistent activation of RhoA, thereby
affecting the metastatic potential of cancer cells [36]. Addi-
tionally, ARHGAP28 is also associated with the recurrence
and progression of breast cancer [37]. In the development
of meningiomas, ARHGAP28 plays an important role, par-
ticularly in pathways related to cell migration and inva-
siveness [38,39]. Its variation may cause vasoconstriction
and spasms in cerebral blood vessels, leading to migraine
and potentially exacerbated inflammatory responses in the
brain [40]. Although ARHGAP28 has significant impacts on
various physiological and disease processes, there are

Figure 6: Validation of ARHGAP28 in DKD. (a) Western blot gel showing ARHGAP28 protein expression in the mouse kidney cortex. (b)
Semiquantitative analysis of ARHGAP28 protein expression in the mouse kidney cortex. (c) Images of glomerular ARHGAP28 immunohistochemical
staining from mouse kidney sections. (d) Semi-quantitative analysis of ARHGAP28 immunohistochemical staining from mouse kidney sections. *P <
0.05. Scale bar = 25 µm. Red arrows indicate the positive staining of ARHGAP28. (e) Podocytes were cultured in vitro and stimulated by high glucose.
Expression of mRNA of ARHGAP28 in the treated group and normal control group was tested by qPCR. *P < 0.05.
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currently no reports on its role in the development of DKD,
especially concerning podocyte injury. This phenomenon
highlights the importance and urgency of further exploring
the relationship between ARHGAP28 and DKD. ARHGAP28
is important in Rho-mediated cell adhesion establishment
[41]. Yeung et al. revealed that ARHGAP28 is a RhoGAP that
inactivates RhoA and downregulates stress fibers [36].
Stress fibers are contractile actomyosin bundles and are
associated with actin cables that span along the foot pro-
cesses [42]. Rho family are modulators of actin cytoskeletal
dynamics [43]. Podocyte actin cytoskeleton is involved
in kidney podocyte functions [44,45]. Saito et al. indicated
that afadin modulates RhoA/Rho-associated protein kinase
signaling to affect actin stress fibers in kidney podocytes
[46]. These pieces of evidence may suggest that ARHGAP28
is of great importance in podocytes. In our results, the
expression of ARHGAP28 in podocytes was elevated com-
pared to controls. Biochemical analysis and immunochem-
ical results confirmed this result. For the first time, we
identified ARHGAP28 as a potential genetic biomarker
of DKD.

5 Conclusions

In summary, we revealed podocytes as the essential cell
subtype, which plays an essential role in the regulation of
DKD based on single-nucleus-sequencing analysis and
bioinformatics analysis. Podocytes are involved in kidney
and nephron development. ARHGAP28 is a potential bio-
marker of podocytes involved in the pathogenesis of DKD.
This study provides an insight into the disease progression
or signaling pathways amenable to intervention in DKD.
Further clinical validation to explore the underlying
mechanism of ARHGAP28 in podocytes of DKD is needed.
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