
Acta  
Materia  
MedicaResearch Article

Acta Materia Medica 2023, Volume 2, Issue 4, p. 449-465      449
© 2023 The Authors. Creative Commons Attribution 4.0 International License

https://doi.org/10.15212/AMM-2023-0031

Authors

Jing Liu, Qian Zhang, 
Wentong Zhao, Jinan Guo, 
Yin Kwan Wong, Chunting 
Zhang, Weijin Qiu, Piao Luo, 
Junhui Chen, Junmao Li, 
Xiaoran Li, Hongwei Gao, 
Shilin Yang, Yulin Feng 
and Jigang Wang

Correspondence

jgwang@icmm.ac.cn (J. Wang); 
fengyulin2003@126.com (Y. Feng)

In brief

Analyzing the impact of PB5 on mouse 
diabetic models using single-cell sequencing 
and proteomics reveals kidney cellular 
heterogeneity and transcriptional responses 
to DKD and PB5 treatment.

Single-cell RNA sequencing reveals the effects 
of hederasaponin C in the treatment of 
diabetic nephropathy
Graphical abstract

Highlights

•	 Integrated scRNA-seq and proteomics reveals gene expression 
changes during DKD and under PB5 treatment.

•	 DKD-induced injury in kidney epithelial cells was regulated by 
PB5 treatment.

•	 Intraglomerular ligand-receptor signaling at single-cell 
resolution.

•	 PB5 mediates the anti-inflammatory response in myeloid cells.

mailto:jgwang@icmm.ac.cn
mailto:fengyulin2003@126.com


Acta  
Materia  
Medica

Research Article

450      Acta Materia Medica 2023, Volume 2, Issue 4, p. 449-465 
© 2023 The Authors. Creative Commons Attribution 4.0 International License

Single-cell RNA sequencing reveals the effects 
of hederasaponin C in the treatment of 
diabetic nephropathy
Jing Liua,b,1, Qian Zhangb,c,1, Wentong Zhaoa,1, Jinan Guob,1, Yin Kwan Wongb,1, Chunting Zhangd,e, Weijin Qiub, 
Piao Luoc, Junhui Chenb, Junmao Lia, Xiaoran Lia, Hongwei Gaod,e, Shilin Yanga, Yulin Fenga,* and Jigang Wanga,b,c,f,*

aNational Pharmaceutical Engineering Center for Solid Preparation of Chinese Herbal Medicine, Jiangxi University of Chinese Medicine, 
Nanchang 330006, Jiangxi, China
bDepartment of Urology, Shenzhen Key Laboratory of Kidney Diseases, and Shenzhen Clinical Research Centre for Geriatrics, Shenzhen 
People’s Hospital, The First Affiliated Hospital, Southern University of Science and Technology, Shenzhen 518020, Guangdong, China
cSchool of Traditional Chinese Medicine and School of Pharmaceutical Sciences, Southern Medical University, Guangzhou 510515, 
Guangdong, China
dCollege of Pharmacy, Guangxi University of Chinese Medicine, Nanning 530000, China
eGuangxi Engineering Technology Research Center of Advantage Chinese Patent Drug and Ethnic Drug Development, Nanning 530020, 
Guangxi, China
fState Key Laboratory for Quality Ensurance and Sustainable Use of Dao-di Herbs, Artemisinin Research Center, and Institute of Chinese 
Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, Beijing, China

1These authors made equal contributions to this work.

*Correspondence: jgwang@icmm.ac.cn (J. Wang); fengyulin2003@126.com (Y. Feng)

Received: 9 August 2023; Revised: 24 October 2023; Accepted: 30 October 2023

Published online: 21 December 2023

DOI 10.15212/AMM-2023-0031

ABSTRACT

There is great demand for the development of novel efficient therapeutic strategies or preventative measures to 
alleviate the life-threatening complications of type 2 diabetes. Hederasaponin C (PB5), a natural product, has been 
reported to exhibit significant therapeutic effects in various diseases; however, the possible effects and mechanism 
underlying PB5 in reducing diabetic renal complications have not been comprehensively reported. Here, we 
investigated the response of murine diabetic models to PB5 treatment using single-cell RNA-sequencing (scRNA-seq) 
and proteomics. Our findings revealed the dynamic transcriptional changes of renal cells in response to diabetic 
nephropathy. PB5 alleviated inflammatory injury by partially reducing pathophysiologic processes. In addition, we 
observed severe glomerular lesions and functional deficiencies, including GBM thickening and podocyte dysfunction, 
during the progression of diabetes, which were likewise attenuated by PB5. These results provide insight into how 
PB5 treatment improves diabetic symptoms and possibly serves as a novel protective measure and therapeutic 
strategy in the treatment of type 2 diabetes.

Keywords: type 2 diabetes, anti-inflammation, natural products, scRNA-seq, PB5

1. INTRODUCTION

Diabetic kidney disease (DKD) is the major cause of end-
stage kidney disease (ESKD), affecting at least 20% of 
patients with diabetes [1]. DKD continues to be a prom-
inent long-term complication of type 2 diabetes mel-
litus (T2DM) in association with insulin resistance (IR). 
There is mounting evidence supporting the involvement 
of oxidative stress, inflammation, and tissue fibrosis 
as key contributors to DKD progression, all of which 

impair glomerular filtration and cause damage to the 
endothelium and tubulointerstitium [2-5]. The kidneys, 
which have approximately 1 million functional units 
(nephrons), are susceptible to damage and infection 
resulting from high metabolic activity and hyperglyce-
mia-induced immune dysfunction in diabetic individuals 
[6]. Despite recent advances in treatment, only modest 
reductions have been achieved in ESKD rates [7, 8].

Natural products are widely considered in drug dis-
covery for diabetic treatment due to the reduced risk 
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of undesirable side effects, such as fluid retention and 
hypoglycemia, compared to other drugs [9-12]. Using 
single-cell technology in pharmacologic research involv-
ing natural products for diseases has enhanced our 
understanding of the mechanisms of actions for these 
compounds [13]. Hederasaponin C (PB5) is among the 
representative components of triterpenoid saponins 
extracted from the roots of Pulsatilla chinensis. PB5 has 
been reported to exhibit antioxidant and anti-inflam-
matory pharmacologic activities. Multiple studies have 
been conducted to explore the therapeutic potential of 
PB5 in various diseases, including schistosomiasis [14], 
acute lung injury [ALI] [15], and colitis. PB5 alleviates 
inflammation in rats with colitis by releasing pro-inflam-
matory cytokines, such as tumor necrosis factor (TNF), 
interleukin-1beta (IL-1β), and interleukin-6 [IL-6] [16]. 
However, the mechanism underlying PB5 in the treat-
ment of DKD remains elusive, especially at the single cell 
level.

In the current study we combined single-cell RNA-
sequencing (scRNA-seq) with proteomics technology 
to decipher the cellular events during diabetic progres-
sion and PB5 treatment by analyzing gene expression 
patterns and identifying related pathways. Our results 
provide comprehensive insight into treating diabetic 
nephropathy with PB5 by alleviating DKD-induced 
inflammation, epithelial injury, and fibrogenesis.

2. MATERIALS AND METHODS

2.1 Animal experiments
Eight-week-old male C57BLKS/J (45 ± 5 g [db/db mice]) 
and C57BL/6 mice (22 ± 2 g [healthy mice]) were 
obtained from Ji-Cui Pharma Biotechnology Co., Ltd. 
(Guangdong, China). The db/db mice, characterized by 
a deficiency in the leptin receptor gene, serve as a spon-
taneous mutation-based model for type 2 diabetes. The 
mice were maintained in standard laboratory facilities 
with an ordinary temperature (22 – 24°C ) and 12-hour 
light/dark cycles. After feeding for 1 week, 8 male db/
db model mice were randomly divided into 4 groups, 
including one model and 3 treatment groups (2 mice per 
group). The model group was administered saline buffer; 
the treatment groups were administered 300 mg/kg/d 
of metformin (MET; Sino-US Squibb Pharmaceutical Co., 
Ltd., Shanghai, China), or 20 or 40 mg/kg/d of PB5 for 
39 days. Two healthy mice received saline buffer admin-
istration at the same time. The dosage was based on 
weight (0.01 ml/10 g). The body weight of each mouse 
was measured weekly and blood samples were obtained 
for measurement and analysis of physiologic indicators. 
The albumin-to-creatinine ratio (ACR) was determined 
in collected urine samples. Mice were anesthetized and 
sacrificed at the end of the experiments and kidney tis-
sues were collected for use in scRNA-seq and histologic 
analysis.

2.2 Biochemical and histological analysis
Various indicators were tested, including blood urea 
nitrogen (BUN), creatinine (CRE), aspartate aminotrans-
ferase (AST), and alanine aminotransferase (ALT), using 
a Toshiba biochemistry instrument (TBA-120FR, Tokyo, 
Japan). A portion of the kidney tissues was embed-
ded into paraffin, followed by cutting into sections for 
hematoxylin-eosin (H/E) staining. Masson’s trichrome 
staining was used to confirm histologic morphology 
changes and the extent of fibrogenesis. Images were 
captured by microscopy.

2.3 Single cell suspension
Renal samples were chopped and enzymatically digested 
using the Multi Tissue Dissociation Kit-2 (Miltenyi 
Biotec, Bergisch Gladbach, Germany) on a MACS disso-
ciator (Miltenyi Biotec, Bergisch Gladbach, Germany). 
The dissociated single cell solution was passed through 
a strainer (BD Biosciences, San Jose, USA) in PBS, then 
pelleted by centrifugation at 300 × g for 10 min at 4°C. 
Red blood cells were removed using Red Blood Cell Lysis 
Solution (Miltenyi Biotec). The cell pellets were resus-
pended in PBS sorting buffer after washing twice with 
PBS as a single cell suspension.

2.4 scRNA-seq data processing and cell type 
assignments
scRNA-seq libraries were established using the 
Chromium Next GEM Single Cell 3’Kit (v3.1; 10× 
Genomics, California, USA) according to the manufac-
turer’s guidelines. The purified libraries were sequenced 
on the Illumina Nova-seq6000 platform (San Diego, 
California, USA) with 150bp paired-end reads. Raw 
sequencing data from each sample were demultiplexed 
and quality control was performed. The gene expression 
matrices obtained by Cell-Ranger (v6.0.1; 10× Genomics, 
California, USA) were aligned with mouse reference 
genome (mm10) for further analysis using the Seurat 
package (v4.0.4; New York, USA) of R software [17]. We 
then scaled and normalized the data across samples 
using the Seurat SCTransform function. The processed 
data were integrated and clustered at a proper resolu-
tion after principal components analysis (PCA) dimen-
sionality reduction. Single cells were visualized in a 
two-dimensional uniform manifold approximation and 
projection (UMAP) space.

The Seurat FindAllMarkers function was applied to 
identify cell-specific markers for each cell cluster. These 
clusters were then identified and assigned to the corre-
sponding types according to the expression of canon-
ical markers, such as Ptprc for immune cells. In  addi-
tion, cell subtypes were processed as described above, 
including PCA, clustering, and annotation. The model 
scores were inferred by the Seurat AddModuleScore 
function by calculating the average expression of pre-
defined gene sets.
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2.5 Differentially-expressed gene (DEG) analysis 
and functional enrichment
DEG between two comparisons (DKD/wild type [WT] 
and DKD/PB5) were generated using the Seurat 
FindMarkers function based on a filtered threshold 
(minimum percentage = 0.25; P-value < 0.05, |log2 fold-
change| ≥ 0.25). DEGs were further analyzed by gene 
ontology (GO) and the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) using the clusterProfiler R pack-
age [v 3.18.1] [18]. The significant biological processes 
(BPs) with adjusted P-values from Benjamini-Hochberg 
multiple testing were selected for visualization. Gene 
set variation analysis (GSVA, v1.38.2; UPF, Barcelona, 
Spain) was used to assess the activation of pathways 
based on MSigDB Hallmark gene sets [19]. The differ-
ential pathways with an adjusted P-value < 0.05 were 
identified using the limma [20] R package (v3.48.3).

2.6 Trajectory analysis
We performed cell trajectory analysis on tubular epi-
thelial cells with monocle2 R package (v2.20.0) to reveal 
cell state transitions [21]. GeneTest function was used 
to identify the differential cell states characterized by 
significantly altered genes. Finally, cell ordering and 
visualization were performed with the orderCells and 
plot_cell_trajectory functions.

2.7 Cellular communication analysis
CellChat (v2.0.0) was performed for cell-cell communi-
cation analysis with the default parameters based on 
the ligand-receptor interactions in different cell types. 
The meta information from normalized expression of 
gene and major cell types across groups served as the 
input for CellChat. The compareInteraction function 
was then performed to calculate interactive numbers 
among the three groups. For the distinctly changed cell 
populations, we then explored the ligand-receptor pairs 
between two comparisons and visualized the results as a 
bubble plot with the netVisual_bubble function.

2.8 Immunofluorescence analysis
Immunofluorescence staining was performed on cryo-
sections of kidney tissues. The blocked tissues were cut 
into ∼4 μm-thick sections after dewaxing and dehydra-
tion, then incubated with antibodies against α-SMA 
(14395-1-AP; Proteintech, Wuhan, China) and TNF-α 
(60291-1-Ig; Proteintech) and secondary fluorescent 
antibodies (Abcam, Cambridge, UK) overnight at 4  °C. 
The sections were mounted with Hoechst or 4′,6-diamid-
ino-2-phenylindole (DAPI), and observed with a fluores-
cence microscope.

2.9 Western blot
Western blot was performed on kidney tissue proteins 
obtained using RIPA buffer (Beyotime, Shanghai, China) 
containing protease inhibitors. Equivalent amounts of 

proteins were separated using SDS-PAGE. Primary anti-
bodies, including anti-IL-1β (16806-1-AP; Proteintech), 
anti-pan-Akt [Cell Signaling Technology (CST), USA], 
anti-phospho-Akt (Thr308; CST, USA), and secondary 
antibodies, were incubated for protein detection. The 
protein bands were quantified using the ImageJ system.

2.10 Label-free proteomics analysis
Proteomics data obtained by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) were subjected 
to differential analysis and visualization with R package. 
The limma R package was executed on proteins for iden-
tifying differentially-expressed proteins (DEPs) with an 
adjusted P-value < 0.05 and a fold-change ≥1.5. Next, 
the clusterProfiler R package was used for GO enrich-
ment analysis of DEPs. The results were visualized via R 
package pheatmap and Cytoscape [22].

2.11 Statistical analysis
Non-scRNA-seq datasets in this study are presented as 
the mean ± standard deviation. One-way analysis of 
variance (ANOVA) was used to analyze the statistical 
differences across groups, unless otherwise mentioned. 
A P-value < 0.05 was considered statistically signifi-
cant and indicated with asterisks (*P < 0.05; **P < 0.01; 
***P < 0.001).

3. RESULTS

3.1 PB5 reduced DKD-induced kidney injury and 
dysfunction in mice
We used 8-week-old male C57BLKS db/db mice, which 
is a diabetic neuropathy model frequently used in ani-
mal studies [23-25] (Figure 1a). Age-matched healthy 
mice served as controls. After oral administration with 
saline, two concentrations of PB5 (20 or 40 mg/kg) 
or MET (300 mg/kg) for 39 d, assessment of vital signs 
showed that db/db model mice without any treatment 
developed more severe kidney hypertrophy and dys-
function, including proteinuria and an increased serum 
CRE level. We also observed histopathologic alterations, 
including increased glomerular area, thylakoid stroma 
proliferation, and vacuolar degeneration of the tubular 
epithelium when compared to WT mice based on H/E 
staining of renal tissues and evaluation of the renal injury 
degree by measuring the glomerular area (Figures 1b, d 
and S1a, c). These findings confirmed the occurrence of 
kidney impairment induced by diabetic nephropathy. In 
addition, immune-related or liver-function-related indi-
cators, such as the percentage of lymphocytes (Lyms), 
white blood cell (WBC) count, percentage of neutrophils 
(NEUTs), and serum cholesterol (CHOL) and triglycerides 
(TG) concentrations were also remarkably increased in 
the db/db model mice compared to the WT group, while 
PB5 treatment significantly reversed these changes 
(Figure S1c). The effect of low-dose PB5 treatment 
(20 mg/kg) was better than PB5 (40 mg/kg; Figure S1c), as 
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Figure 1  |  Study design and physiologic readouts.
(a) The workflow of experimental strategy (n=2 mice per group for scRNA analysis; n=3 mice per group in mass spectrometry-based proteom-
ics). (b) The ratio of kidney weight-to-body weight. (c) Blood glucose in experimental mice. (d) Blood urea nitrogen (BUN) in experimental 
mice. (e) Spearman’s correlation of crossed DEGs (|log2 fold change| > 0.25, Padjusted < 0.05) and DEPs expression (|log2 fold-change| > 1.5, 
Padjusted < 0.05) between DKD versus WT and DKD versus PB5. Linear fitting is illustrated by a black line with confidence intervals (grey shading). 
Dots in the red and blue squares represent up- or down-regulated DEGs or DEPs, respectively. (f) GO enrichment analysis of overlaps between 
DEGs and DEPs in the diabetic group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. DKD; ##P < 0.01, ###P < 0.001 vs. WT).
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evidenced by alterations in the relative kidney weights 
and immune- or metabolic-related indices (percentage 
of NEUTs and low-density lipoprotein-cholesterol [LDL]).

To dissect the intracellular pathogenesis of diabetic 
nephropathy and assess the effects of PB5, we con-
ducted scRNA-seq and MS on cryopreserved kidney tis-
sues, which were obtained from WT mice, DKD mice, 
and mice treated with 20 mg/kg of PB5 (Figures 1a and 
S2a). We utilized three cohorts for scRNA-seq, each com-
prised of two renal tissue samples, and three cohorts 
for MS, each with three tissue samples. We identified 
1131 DEPs and 4425 DEGs in the DKD group compared 
to the WT and PB5 groups (Figures S2c and S4a), with 
an overlap between the two sets (R = 0.51, P < 2.2e-16; 
Figure 1e). Consistent with kidney injury and dysfunc-
tion induced by diabetic nephropathy, GO analysis of the 
overlapping DEPs and DEGs demonstrated upregulation 
of pathways, including inflammatory response, defense 
or immune response, cell chemotaxis, and wound heal-
ing, while downregulated pathways included excretion 
and small molecule or organic acid catabolic processes 
(Figures 1b-d, f and S1c). We also enriched common 
up- or down-regulated DEGs between the DKD and 
other groups, and found activation of inflammatory 
responses, granulocyte migration, reactive oxygen 
species (ROS) metabolic processes, responses to oxida-
tive stress, and intrinsic apoptotic signaling in the DKD 
group (Figure S4b). Moreover, immune cells, fibroblasts 
(Fibros), and endothelial cells (Endos) were prominently 
enriched in pathways associated with inflammatory 
responses, IL6-JAK-STAT3 signaling, and epithelial-
mesenchymal transition (EMT; Figure S4c). Importantly, 
we also observed higher levels of inflammation-related 
gene expression enriched in immune cells (Figure S4d). 
These observations suggest that diabetes initiated 
inflammatory responses and oxidative stress in the kid-
neys, while PB5 treatment alleviated the recruitment 
of immune cells and the inflammatory response during 
DKD progression.

The protein abundance correlation between the DKD 
group and the other groups was weak based on MS-based 
proteomics data, indicating the unique DKD expression 
pattern and the effects of PB5 treatment on diabetic 
nephropathy (Figure  S2b). We compared proteomics 
profiles from DKD to the WT and PB5 groups, and iden-
tified 132 and 377 common up- and down-regulated 
DEPs, respectively (Figure  S2d, e). Interestingly, path-
ways involved in wound healing, regulation of inflam-
matory responses, innate immunity, oxidative stress, 
NF-kappaB signaling, and extracellular matrix organ-
ization were upregulated in the DKD group. We also 
found that pathways including the involvement of renal 
absorption, lipid homeostasis, and renal tubular secre-
tion were downregulated in db/db mice (Figure  S2f). 
By detecting the patterns of gene expression associ-
ated with upregulated inflammatory responses (Anxa1, 
Adamts2, Il1b, Prtn3, C3, and Fgg) or downregulated 
lipid metabolism signaling (Ces1d, Ces1f, and Mlxipl) in 

DKD mice, we further confirmed the anti-inflammatory 
effect of PB5 in diabetic nephropathy (Figure S2g). All 
gene patterns displayed the expected levels of expres-
sion, which were consistent with the protein profiles 
(Figure S2f). Fibrinogen gamma-chain (FGG) has been 
reported to be upregulated in the tubulointerstitium 
of patients with IgA nephropathy [26]. Therefore, we 
built up a protein-to-protein interaction (PPI) network 
for five proteins, including ANXA1, IL1B, PRTN3, C3, and 
FGG using the STRING database [27] (Figure S2h). Taken 
together, we found a high concordance between DEPs 
and DEGs in our study and identified the activation of 
pathways related to inflammatory responses, oxidative 
stress, and extracellular matrix organization, and met-
abolic dysregulation during the progression of DKD at 
the single-cell transcriptomic and proteomic levels.

3.2 Single-cell profiling of mouse kidneys in 
diabetic nephropathy and under PB5 treatment
To achieve a more comprehensive understanding of 
the molecular changes during diabetic pathology and 
PB5 treatment at a high resolution, we performed 
single-cell transcriptional sequencing on mouse kid-
ney tissues across the three groups (WT, DKD, and 
PB5) using 10× Chromium technology (Figure 1a). 
We obtained a total of 26,344 single cells after qual-
ity control, including 8384 cells from WT mice, 9438 
cells from DKD model mice, and 8522 cells from PB5-
treated mice (Figures  2a  and S3a). Based on UMAP 
analysis, the cells were categorized into clusters, which 
were comprised of cells derived from different biolog-
ical replicates (Figure 2d), and further annotated into 
12 major cell types based on canonical cellular mark-
ers, as follows: proximal tubular cells (PTs [n=17,903]) 
with high expression of Slc27a2 and Gatm; podocytes 
(Podos [n=281]) with high expression of Wt1 and 
Nphrs2; ascending loop of Henle (LOH [n=1218]) with 
high expression of Slc12a1 and Umod; descending limb 
of loop of Henle (DTL [n=141]) with high expression of 
Bst1 and Aqp1; distal convoluted tubule (DCT [n=1142]) 
with high expression of Slc12a3 and Pvalb; connecting 
tubule (CNT [n=251]) with high expression of Slc8a1 
and Dst; collecting duct principal cells (CD-PCs [n=499]) 
with high expression of Aqp2 and Hsd11b2; collect-
ing duct intercalated cells (CD-ICs [n=286]) with high 
expression of Atp6v1g3 and Atp6v0d2; Endos (n=1190) 
with high expression of Flt1 and Kdr; Fibros (n=155) 
with high expression of Tagln and Pdgfrb; immune 
cells (n=3220) with high expression of Ptprc; and pro-
liferative cells (Novels [n=58]) with high expression of 
Mki67 and Stmn1 (Figure 2b). Among these cell clus-
ters, immune cells (Ptprc+) were retained for further 
classification into Neutros, macrophages (Macros), B 
cells, and T cells by projecting the expression of signa-
ture markers on UMAP (Figure S3c).

Next, proportion analysis revealed a dramatic 
expansion in segments of PT cells compared with WT 
mice (Figure 2c and e), consistent with the increased 
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abundance of PT cells occurring during the progression 
of diabetic nephropathy [28]. In contrast to PT cells, var-
ious segments exhibited diverse changes in proportion 
following the progression of DKD.

3.3 PB5 alleviates DKD-induced injury in epithelial 
cells
PT cells with metabolic hyperactivity are susceptible 
to various insults and dysfunction [29]. To provide an 

Figure 2  |  Single-cell atlas of mouse diabetic kidney.
(a) UMAP plot of all integrated datasets from all mouse kidneys. (b) Dot plot showing the expression patterns of marker genes in each cell type. 
(c) Bar graph displaying the proportion of renal cells from each group (top) and cell numbers of all cell types in each group (bottom). (d) UMAP 
plot showing renal cells of each individual mouse. (e) Bar plot showing the composition of cell types in each sample.
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in-depth description of the dynamic alterations in PT cells 
across the three groups, we performed unsupervised 
clustering on 17,903 mouse PT cells across each group, 
further yielding and annotating 7 subclusters, including 
PT_S1-to-S6 and a repairing subpopulation PT_cycling 
(Mki67+), based on segment-specific markers (Figures 3a 
and S5a, c). Among these groups, PT_S1 and PT_S2 cells 
(which were also the main DKD-target subclusters) dis-
played prevalent expression of the representative mark-
ers of the proximal convoluted tubule [PCT] (Slc5a12+) 
and proximal straight tubule [PST] (Slc13a3+; Figure 3a), 
respectively. Other PT cell subtypes, including PT_S5 and 
PT_S6, were also expressed ([SPP1, Cst3] and [Prdx1, 
Aldob], respectively). Peroxiredoxin 1 (Prdx1) has been 
reported to exacerbate AKI by promoting inflamma-
tion [30]. Decreased proportions of S1, S2, and S3 were 
observed in the DKD group, while the percentage of S5 
and S6 significantly increased by nearly 2-fold compared 
to WT (Figure 3b). Notably, changes in both trends were 
partly recovered by PB5 treatment (Figures 3b and S5b). 
Moreover, the expression of impairment-related markers 
(Lcn2, Fabp1, Clu, and Spp1) were mainly upregulated in 
S4, S5, and PT_cycling compared with other subtypes, 
and downregulated in the PB5 group compared to DKD, 
suggesting the protective effect of PB5, which was sup-
ported by the decrease in the relative expression of SPP1 
(Figure 3c).

To further investigate transcriptional differences 
in PT cells across the three groups, we compared 
DEGs between DKD versus WT and DKD versus PB5 
(Figure S5d, e). We identified 139 shared DEGs in DKD, 
and found that 84 upregulated DEGs were enriched in 
specific pathways, such as lipid oxidation and oxidative 
phosphorylation, while 55 downregulated DKD DEGs 
were enriched in regulation of Endo migration, cellu-
lar glucose homeostasis, and organic acid transport 
(Figure  S5d). Moreover, GSVA was performed to char-
acterize the pathogenesis of DKD in PT cells, identify-
ing pathways, such as the activated interferon-gamma 
(IFN-γ) response, IL6-JAK-STAT3 signaling, and reactive 
oxygen species in DKD (Figure S5e). Abnormal ROS lev-
els have been reported to be a contributing factor in the 
development of kidney fibrogenesis and injury [31]. In 
performing correlation analysis of the seven subclusters, 
all of the PT segments were clustered into 3 functional 
categories (C1–C3) with similar intraclass gene expres-
sion patterns (Figure 3d). Notably, higher scores related 
to the IFN-γ response and wound repair to inflamma-
tory response were primarily observed in the DKD group 
among the 3 clusters, as analyzed using the Seurat pack-
age (detailed in the Methods section), indicative of 
the responses of PT cells to inflammation during DKD 
(Figure 3d).

To explore the lineage transitions of PT cells, as ana-
lyzed by Monocle2 (detailed in the Methods section), 
we built up a pseudo-time trajectory of these subclus-
ters with a specific distribution, coinciding with the 
gene expression pattern between each subcluster or 

location of the UMAP plot (Figure 3a, d-f). We showed 
that the cells in PT_S1/S2 were prevalent in the initial 
phase of the renal system process, lipid homeostasis, 
and oxidative phosphorylation pathway (Figure  3f), 
while the cells in S5/S6 were mainly accumulated at the 
end of the path with activation of wound healing, cell-
matrix adhesion, and EMT. These findings prompted us 
to assess the expression of ROS- and impairment-related 
genes. Elevated expression of impairment-related genes 
(Spp1 and Cst3) and an ROS-related gene (Hif1a) were 
detected in S5/S6 (Figure 3g). In addition, based on reg-
ulatory network analysis [32], we detected 10 transcrip-
tion factors in PT cells (Figure 3h). The activity score of 
Ybx1 (YBX1), which is associated with regulation of the 
EMT [33] was upregulated in DKD (Figure 3h).

Next, we investigated the extent to which PB5 
improved the response to diabetes-induced impair-
ments in other epithelial segments, which consist of 6 
cell types, including LOH, DTL, DCT, CNT, CD-PCs, and 
CD-ICs (Figure 4a). These epithelial segments were char-
acterized by cell-specific marker genes and we observed 
the various abundances in these subclusters by compar-
ing the proportion of cells in the DKD group to each 
other group (Figure 4b, c). To explore the transcriptional 
characteristics, we performed DEG analysis comparing 
DKD samples with the other groups (DKD vs. WT and 
DKD vs. PB5), as well as further GO enrichment analysis 
of the epithelial cells. Comparing the enrichment signal 
between DKD and the other groups revealed that path-
ways involved in the response to oxidative stress were 
enriched in upregulated DEGs, while immune-related 
processes were downregulated (Figure  4d). Moreover, 
we observed significant diabetic nephropathy-induced 
injury and ROS changes in these nephron segments 
based on injury or ROS-related gene sets (Figure 4e). In 
addition, functional solute carriers involved in the regu-
lation of renal reabsorption function, such as Slc22a12, 
Slc38a3, Slc7a12, Slc22a2, Slc34a3, Slc22a8, and Slc22a6, 
displayed the highest expression in PT cells compared 
with other epithelial, and the expression of these car-
riers were downregulated in the DKD group compared 
to the WT and PB5 groups (Figure 4g). Interestingly, the 
expression of the injury-related genes and these trans-
membrane transporters were also decreased in the DKD 
proteomics data. Collectively, these results indicate that 
renal epithelial cells were damaged and dysfunctional 
during DKD, while PB5 relieved the injury by alleviating 
the inflammatory response.

3.4 PB5 remodels the glomerular microenvironment 
during diabetic nephropathy
Recent single cell studies have demonstrated the com-
plexity and heterogeneity of both normal and impaired 
stromal cells [34-36]. To characterize these cells in the 
context of our study, we re-clustered all of the stro-
mal cells collected in our experiments into 6 clusters, 
according to the expression of marker genes reported 
by previous scRNA-seq studies [36, 37] (Figure  5a): 
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Figure 3  |  Proximal tubular cell subtypes and the injury response to T2DM.
(a) UMAP plot showing unsupervised clustering (left) and the expression pattern of cell-specific markers (right), indicating seven subtypes of 
PT cells. (b) Bar plot displaying the percentages of each subtype between the three groups. **P < 0.01, ***P < 0.001, ns > 0.05. (c) Heatmap 
showing the expression of renal impairment-related genes in subtypes from all PT cells (top) and western blotting detection of Spp1 protein 
levels (bottom). ***P < 0.001 vs. DKD; ###P < 0.001 vs. WT. (d) Heatmap showing correlation coefficients among subtypes of the three groups 
(left). Dot plot (right) showing enriched scores between the three groups for 3 classes (C1: PT_S1, PT_S2, PT_S3; C2: PT_S3, PT_S4; and C3: 
PT_cycling, PT_S5, PT_S6). (e) Pseudotime trajectory of PT cells colored by pseudo-time and subtypes. (f) Heatmap presenting the changes 
in relative gene expression along with the pseudotime and enriched upregulated biological processes (right). (g) Plot displaying the dynamic 
expression of injury and inflammatory genes along the pseudotime. (h) Heatmap showing the relative activity scores of the ten regulons in 
different samples, groups, and subtypes.
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Figure 4  |  Diabetes-induced injury response in nephron segments.
(a) UMAP plot showing the clustering. (b) Heatmap showing the expression pattern of cell-specific markers of the six epithelial cell types. (c) Bar 
graph displaying the proportion of epithelial cells from each group and cell number of individual cell types. (d) Bubble plot showing the GO 
enriched terms of up- and down-regulated DEGs between DKD versus WT and DKD versus PB5. (e) Violin plot showing the changes in enrich-
ment scores with respect to injury and ROS in the three groups. (P values [Wilcoxon signed-rank test]). **P < 0.01, ***P < 0.001. (f) UMAP 
plot showing the expression of cell-specific canonical markers in the integrated data. (g) Heatmap showing the expression of transporters in all 
epithelial cells across each group in the scRNA dataset (top) and proteomics dataset (bottom).
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Figure 5  |  Glomerular lesions and cellular interaction network across the three groups.
(a) UMAP plot displaying the reclustering of glomerular cells. Dot plot showing the expression patterns of marker genes in each cell type. (b) Bar 
graph displaying the proportion of glomerular cells by each subcluster. (c) Heatmap showing GSVA scores of glomerular cells in each type. (d) 
Heatmap showing the expression of specific marker genes in each group. (e) Masson’s trichrome staining showing the changes in renal paren-
chyma in diabetes. ***P < 0.001 vs. DKD; ###P < 0.001 vs. WT. (f) Immunofluorescence staining of DAPI (blue), α-SMA (green), and TNF-α 
(green) in renal tissues. Scale bar: 50 μm. (g) Communication network between GECs, MESs, and Podos in the three groups. (h) Bubble plot 
showing ligand-receptor pairs between GECs, MESs, and Podos.
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Fibros (Col1a1+DCN+); glomerular endothelial cells 
[GECs] (Pecam1+Kdr+Ehd3+); mesangial cells [MESs] 
(Itga8+Gata3+Pdgfrb+); parietal epithelial cells [PECs] 
(Ncam1+Cdh6+); pericytes [Peris] (S100a4+Vim+); and 
podocytes [Podos] (Nphs1+Nphs2+). Among the clus-
ters, smooth muscle alpha-actin Acta2 (α-SMA), which 
is involved in the activation of fibrogenesis, was highly 
expressed in the MES subcluster (Figure 5a). In addition, 
GECs and Podos had a decreasing proportional trend 
in the DKD group compared to the WT group, while 
the fractions were reverted following PB5 intervention 
(Figure 5b). The glomerulus, responsible for kidney fil-
tration, mainly consists of Endos, MESs, and Podos. 
The loss of glomerular function is the leading cause of 
pathogenesis in DKD. Moreover, factors, such as immune 
injury, contribute to glomerular dysfunction.

To further elucidate the glomerular-specific vari-
ations in DKD, we investigated Hallmark pathways 
between DKD/WT and DKD/PB5 across the three major 
glomerular subclusters (GEC, MES, and Podo). Pathways 
involved in inflammation response, including TNF-α 
signaling via NF-kB, angiogenesis, and EMT, were pri-
marily enriched in diabetic mice, while WNT/β-catenin 
signaling was reduced in the DKD group (Figure 5c). As 
presented in Figure 5d, GEC cells had high expression of 
injury maker genes (Vcam1, Fabp1, and Plvap) and pro-
inflammatory cytokines (Tnf and Il6) compared to the 
WT and PB5 groups, while Acta2 was highly expressed 
in the DKD group for MES cells. In addition, the expres-
sion of TGFβ1, a main driver of fibrosis, was enriched 
in the DKD group and reversed after PB5 treatment. 
PB5 treatment also reduced the expression of monocyte 
chemokines and the receptor (Ccl2/Ccr2) in GECs and 
MES cells, and increased the expression of Wnt4 and 
Wnt5a (Figure 5d). As glomerular injury and activation 
of proinflammatory-related pathways are likely drivers 
of glomerulitis and fibrogenesis, we performed Masson 
staining to confirm the extent of impairment. As shown 
in Figure 5e, we observed hypertrophied glomeruli with 
discrete intra-globular stromal hyperplasia and magni-
fied tubular lumens with naked cell nuclei. Moreover, 
immunofluorescence staining revealed that the levels of 
SYNPO and NPHS2 protein expression (indicative mark-
ers of Podos) were suppressed in diabetic mice, which 
could induce abnormal morphology and filtration func-
tion of Podos, such as in segmental glomerulosclerosis 
[38, 39]. In addition, we observed high levels of α-SMA 
and TNF-α expression in the DKD group, as representa-
tive markers of fibrogenesis and pro-inflammatory fac-
tors, which was consistent with the expression of Acta2 
and Tnf in Figure 5d. Importantly, the increased α-SMA 
and TNF-α expression in the DKD group was reversed, as 
expected, by PB5 treatment (Figure 5f). The effectiveness 
of PB5 treatment was further verified by the remarkable 
alleviation of fibrotic glomeruli and increased synthe-
sis of key glomerular components, such as podocin and 
synapto-podin, to repair podocyte damage (Figures 5e 
and S6a).

Next, we analyzed the crosstalk between GECs, 
MESs, and Podos, and observed that the number of 
cellular interactions decreased in the diabetic model 
(especially in Podos), and again recovered after PB5 
treatment, which was consistent with previous results 
(Figure 5g). Ligand-receptor pair analysis revealed that 
VEGF, ANGPTL4, and ADM signaling were significantly 
reduced by renal diabetes, with PB5 treatment reversing 
this reduction (Figure 5h).

Our profiles thus provide a detailed analysis of glo-
merular cells during DKD and PB5 treatment. These 
findings showed that PB5 relieved diabetes-induced glo-
merular inflammatory injury and fibrogenesis, thereby 
improving the proinflammatory tissue microenviron-
ment and prompting kidney tissue repair.

3.5 PB5 alleviates the recruitment of monocytes 
and infiltration of Neutros
Myeloid cells are capable of self-replenishment fol-
lowing inflammation or injury and are responsible for 
the innate immune defense against toxins or patho-
gens [40]. Fibrotic renal damage is caused by vascular 
formation and inflammatory over-responses [41]. We 
classified 10 subpopulations in the myeloid lineages 
with unsupervised clustering, including two subclus-
ters for monocytes [Monos] (Mono_C1 and Mono_C2), 
Neutros (Neutro_C1 and Neutro_C2), Macros (Macro_C1 
and Macro_C2), and conventional dendritic cells (cDCs) 
(cDC1 and cDC2), and one subcluster each for plasmacy-
toid dendritic cells (Runx2+, Siglech+) and actively prolif-
erating cells (Mki67+, Top2a+). Monocytes were defined 
as CD14+Ace+ and CD14+Ly6c2+Chil3+ clusters. Macros 
were identified via high expression of the C1qa+C1qb+ 
markers. Macro_C1 expressed known M1 or M2 mark-
ers (Cd86+, Mcr1+, and Cx3cr1+). Interestingly, cells in 
Neutro_C2 with the expression of chemokine-related 
genes (Cxcl2+Ccl3+Cxcl3+) were observed predominantly 
in the diabetic mice group compared with the WT and 
PB5 groups (Figures 6a, b and S7a). For the comparison 
between each subcluster, the immune fraction revealed 
that the proportion of Macros was lower in the DKD 
group, whereas the proportion of Monos and Neutros 
were higher in DKD mice and remarkably reversed after 
PB5 treatment (Figure 6b).

Next, we analyzed the enriched pathways comparing 
DKD mice with each of the other groups and found that 
activated pathways involved in inflammation-related 
signaling were upregulated in diabetes, including the 
response to type I IFN, ROS metabolic processes, and 
leukocyte chemotaxis (Figure 6c). VEGF, PI3K-Akt, and 
NF-kappa B signaling, IR, and focal adhesions were prev-
alent in Mono_C1, while the pathway associated with 
cytokine-cytokine receptor interaction was enriched in 
Neutro_C2, and antigen processing and presentation 
was upregulated in Macro_C1 (Figure S7b). We further 
assessed inflammatory-related enrichment scores based 
on multiple gene sets (details in the Methods section), 
and these results indicated a heterogeneous response 
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Figure 6  |  Activated monocytes induce angiogenesis and inflammation in diabetes.
(a) UMAP visualization and cluster-specific gene expression in 10 myeloid subtypes. (b) Bar plot showing the composition of cell subtypes. 
(c) Bubble plot showing the GO enriched pathways in the two comparisons (DKD vs. WT and DKD vs. PB5). (d) Dot plot showing enriched scores 
of myeloid cells using 8 predefined gene sets. (e) Violin plot presenting the mTORC1, PI3K-Akt-mTOR, ROS, IL6-JAK-STAT3, and APOPTOSIS 
scores among the three groups based on GSVA analysis (P values [Wilcoxon signed-rank test]). (f) Western blotting detection of p-Akt and Akt 
protein levels. *P < 0.05, **P < 0.01, ***P < 0.001; ****P < 0.0001; ns > 0.05. (g) Violin plot displaying the relative expression levels of pro-
inflammatory cytokines in the scRNA dataset (left) and proteomics dataset (right). Western blotting detection of IL-1β protein levels (bottom).
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of renal myeloid cells (Figure 6d). Of those subclusters, 
monocytes had the highest angiogenesis score, which 
was compatible with the results shown in Figure S7b. 
Pathways involved in mTORC1, ROS, and PI3K-Akt-
mTOR, which are associated with EMT [42], and Podo 
injury [43], were activated under diabetic progression 
(Figure 6e, f). We also confirmed the expression of the 
pro-inflammation cytokine, IL-1β, which was upregu-
lated in the DKD group compared with the WT group 
and reversed after PB5 treatment and consistent with 
western blot results (Figure 6g) and with our proteom-
ics data. To further delineate the dynamic transcrip-
tomic changes involved in myeloid cells from diabetic 
cases, we performed GO analysis on the overlapped 
DEGs between DKD/WT and DKD/PB5 and identified an 
upregulation of the ROS pathway associated with the 
inflammatory response during diabetes (Figure S7b).

3.6 Cell-cell interactions during DKD and PB5 
treatment
To verify cell-cell interactions and alterations during dia-
betes and PB5 treatment, we compared differential inter-
actions among cell types and built up a group-centric 
ligand-receptor (LR) pairs profile between sender-re-
ceiver cells using CellChat [44]. We observed substantial 
changes in intercellular interactions induced by diabe-
tes and hyperactive signaling mainly enriched in Endos, 
Fibros, and Podos (Figure S6b, c). We observed upregu-
lated interactions comparing both DKD/WT and DKD/PB5 
in Endos and Fibros acting as sender or receiver cells.

We further investigated the LR pairs and identified 
18 pairs after filtering and selection. The PTN/SDC2/4 
axis is actively involved in the regulation of renal func-
tion during diabetes through the secretion of multiple 
cytokines and hormones from the pituitary gland [45]. 
An increased possibly of PTN/NCL interaction between 
Fibros and Endos in the DKD group was likely to regulate 
angiogenic activities and promote PTN-induced Endo 
migration [46]. Our results suggest that diabetes sig-
nificantly induced the activity of the fibroblast growth 
factor 1 (FGF1)/FGFR1 axis, which has been reported to 
be involved in thrombopoiesis, activating NF-κB, and 
metastasis through EMT [47-49]. We also observed an 
increase in the number of pathways between Fibros 
and Endos via VEGFD_VEGFR3, VEGFD_VEGFR2R3, and 
TGFB1/3_(TGFB1+TGFB2) in the DKD group. These sig-
nals were attenuated by PB5 treatment.

In summary, our analysis revealed several key cross-
talk pathways between Endos and Fibros induced 
by diabetes, such as the PTN/NCL, FGF1/FGFR1, and 
TGFB1/3_(TGFB1+TGFB2) axis, while PB5 reverted these 
activations.

4. DISCUSSION

Our results identified the potential cellular mecha-
nisms underlying T2DM and the protective ability of 
PB5 against inflammation and fibrosis. Diabetes is the 

principal factor contributing to chronic kidney diseases 
[CKDs] [50, 51]. The distinct pathologic features of DKD, 
such as kidney hypertrophy, have been reported to 
be linked to poor prognosis in type 1 and 2 diabetes 
[52,  53]. Changes, including proteinuria, hyperglyce-
mia, and metabolic dysregulation of the liver, were also 
elaborated upon in this study. We performed scRNA-seq 
analysis on the kidney tissues of DKD mice to construct a 
cellular atlas and investigate the renal response during 
the progression of diabetes and PB5 treatment.

We observed activated pathways involved in ROS, 
inflammatory-related responses, wound repair, and 
EMT signaling in PTs induced by impaired renal epithe-
lial cells, suggesting that these intrinsic changes stim-
ulate the deposition of the extracellular matrix along 
with loss of kidney function [54], eventually leading to 
the development of interstitial fibrosis [55, 56]. In agree-
ment with recent findings, renal tubular epithelial cells 
under kidney injury could be changed to a profibrotic 
phenotype [56]. The EMT, along with loss of epithelial 
characteristics and maladaptive repairment, stimulates 
the secretion of pro-inflammatory cytokines, apoptotic 
inhibition, or even deposition of the extracellular matrix 
[57, 58]. According to our proteomics analysis, we also 
found that the diabetic mice exhibited cell impairment 
caused by pro-inflammatory mediators and fibrosis-
related pathways, which resulted in deposition of extra-
cellular matrix in renal tissues [59]. PB5 regulated the 
activity of pro-inflammatory factors.

In addition, a previous report showed that injury to 
tubular epithelial cells facilitates the innate immune 
response, which is characterized by the activation and 
infiltration of circulating leukocytes, such as Monos and 
Neutros [60]. Bloodstream Monos migrate into the injured 
peripheral tissues, which contribute to promote Macro 
differentiation [61, 62]. During DKD, wound repair and 
phagocytosis functions were enhanced in the C1 cluster of 
Macros. C2 Monos, which are characterized by the expres-
sion of Ccl2 (MCP-1), is a Mono chemokine and recruited 
in DKD mice consistent with Neutro_C2. Neutros are well-
known for migration to injured tissues and chemotaxis 
[63, 64]. In addition, the pro-inflammatory microenviron-
ment, which is characterized by activated ROS associated 
with EMT and the regulation of Akt/mTOR [42, 65-67] () 
and up-regulated expression of pro-inflammatory factors 
(Il-1β and Hif1a), were alleviated by PB5.

According to histologic staining and the results from 
scRNA-seq analysis, we confirmed the presence of glo-
merular lesions with GBM thickening and MES cell 
hyperplasia with a high level of Acta2 expression in dia-
betic nephropathy. The LR analysis revealed enhanced 
interactions between MESs and GECs in the DKD group 
via the Vegfd/Vegfr2 axis involves angiogenesis [68], 
and the Tgfb2/(Tgfbr1+Tgfbr2) axis. TGFβ-2 acts as an 
immune suppressor in the intestines to reduce the secre-
tion of inflammatory cytokines derived from Macros [69, 
70]. Inhibition of TGFβ-2 alleviates the infiltration of 
Macros along with decreasing pro-inflammatory factors, 
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which could improve IR through paracrine effects [71]. 
The interaction of Tgfb1/(Tgfbr1+Tgfbr2) between 
Fibros and Endos were enhanced in the DKD group. 
TGFβ-1 signaling has been reported to be involved in 
inducing renal fibrosis or injury [72].

There were some limitations in our study. First, differ-
ent cell types display variations in dissociation efficiency. 
We have only observed a small portion of Podos in all 
the clusters, which might be attributed to the fragility 
of the majority of Podos under the single cell dissocia-
tion process. In the future, advanced biotechnology can 
be used to minimize cell loss. Second, while we detected 
impaired epithelial cells induced by inflammation, the 
cellular network involved in regulation of epithelial 
injury was not detected.

5. CONCLUSION

In summary, our results offer a comprehensive analy-
sis to describe the cellular mechanisms and physiologic 
changes involved in diabetes-induced renal lesions 
and fibrogenesis through scRNA-seq and proteomics. 
This study also demonstrated the protective role of 
PB5 against diabetes by alleviating inflammation and 
fibrogenesis during the progression of T2DM. Our find-
ings highlight PB5 as a potential therapeutic agent for 
future translation in diabetes.
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