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KEY WORDS Abstract

Diabetic nephropathy (DN) is a severe complication of diabetes, characterized by changes in

kidney structure and function. The natural product rosmarinic acid (RA) has demonstrated therapeutic

Rosmarinic acid;
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Injury;

Oxidative stress;
Inflammation;
Proteomics

effects, including anti-inflammation and anti-oxidative-stress, in renal damage or dysfunction. In this
study, we characterized the heterogeneity of the cellular response in kidneys to DN-induced injury and
RA treatment at single cell levels. Our results demonstrated that RA significantly alleviated renal tubular
epithelial injury, particularly in the proximal tubular S1 segment and on glomerular epithelial cells known
as podocytes, while attenuating the inflammatory response of macrophages, oxidative stress, and cytotox-
icity of natural killer cells. These findings provide a comprehensive understanding of the mechanisms by

which RA alleviates kidney damage, oxidative stress, and inflammation, offering valuable guidance for
the clinical application of RA in the treatment of DN.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diabetic nephropathy (DN) is one of the most prevalent micro-
vascular complications of diabetes, accompanying ~40% of
diabetic patients'>. DN causes multiple dysfunctional signal
cascades in the kidneys, affecting metabolism, hemodynamics,
inflammation and autophagy, ultimately resulting in end-stage
renal failure™*. Oxidative stress and inflammation play primary
roles in the pathogenesis of DN. Increased oxidative stress in DN
is a consequence of imbalance between the production of
hyperglycemia-induced ROS and antioxidant defense mecha-
nisms’. Moreover, inflammation-related processes are activated
in response to hemodynamic or metabolic dysfunctions induced
by DN, which leads to the release of various chemokines and
pro-inflammatory cytokines such as interleukin-18 (IL-13),
interleukin-6 (IL6), interleukin-18 (/L18) and adhesion mole-
cules (Veaml, Icaml)®’. Additionally, immune cells (macro-
phages and T-lymphocytes) recruited by chemokine signals
release additional pro-inflammatory mediators to exacerbate
renal inflammation®”’.

Rosmarinic acid (RA) is a natural phenolic acid'® known for its
ability to reduce oxidative stress by effectively scavenging ROS,
and has been reported by multiple studies to exhibit anti-
inflammatory properties by modulating NF-«B and MAPK
pathways''~'*. Besides, several reports have shown that the
pathogenesis of DN can be alleviated by RA'*'>. However, the
specific mechanism of RA in treating DN is still poorly under-
stood, especially at the single cell level. Advancements in single-
cell RNA (scRNA) sequencing technology have allowed for the
analysis of cellular heterogeneity and gene expression changes in
response to drug treatments in specific cell types of complex tis-
sues'®'”. Recently, scRNA sequencing has also been used to study
mechanisms underlying the therapeutic effects of herbal medicine
and natural products'® 2", In this study, we performed single-cell
transcriptome profiling of DN to gain insights into the cell-specific
changes following RA treatment. We identified DN-induced
changes in expression patterns of oxidative stress-related genes
and inflammatory factors (/l1b, Nfkbl, Nfkb2, and Stat3), which
were subsequently rescued by RA treatment. RA could also
alleviate injury in renal epithelial cells. Collectively, our results
provide a comprehensive understanding of how RA alleviates
renal damage, oxidative stress, and inflammation, thereby offering
valuable insights for its clinical application in treating DN.

2. Materials and methods
2.1.  Animal experiments

Male C57BLKS/J mice (eight weeks old, weighing 45 £+ 5 g)
and C57BL/6 mice (eight weeks old, weighing 22 + 2 g) were
procured from Ji-Cui Pharma Biotechnology Co., Ltd., China.
The mice were housed in a standard laboratory facility with a
12-h light/dark cycle and maintained at ordinary room tem-
perature. After one week of acclimation, the mice were
randomly divided into four groups, with two mice per group.
The groups were treated with the following: control, model,
300 mg/kg/day MET (Sino-US Squibb Pharmaceutical Co.,
Ltd., Shanghai), 100 mg/kg/day RA for a duration of 39 days.
Weekly measurements of mouse body weights were taken, and
physiological indicators were measured and analyzed using
collected blood samples. Urine samples were collected to
measure the albumin-to-creatinine ratio (ACR). Upon
concluding the experiment, all mice were anesthetized, sacri-
ficed, and kidney tissues were collected for scRNA-seq and
histological analysis.

2.2.  Biochemical and histological analysis

Several indicators, such as blood urea nitrogen (BUN), creatinine
(CRE), aspartate aminotransferase (AST), and alanine amino-
transferase (ALT), were assessed using a TOSHIBA biochemistry
instrument. For histological analysis, a portion of kidney tissues
was embedded in paraffin and sectioned for H&E staining. The
H&E staining allowed for the examination of histological
morphology and structural changes in the kidney tissues. To assess
the extent of inflammation/injury, Masson’s trichrome staining
was performed. Microscope images were captured to document
and analyze the histological and inflammation/injury observed in
the kidney tissues.

2.3.  Dissociation of single cells from murine kidneys

According to the manufacturer’s instructions, kidney samples
were dissociated using the Kidney Dissociation Kit (Miltenyi
Biotec 130-105-807) on a gentleMACS Dissociator for
approximately 30 min. To obtain uniform cell suspensions, the
dissociated cells were filtered through a 70 pm strainer into
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PBS and subsequently centrifuged at 300 xg for 10 min at 4 °C.
After removing the supernatant, the pelleted cells were sus-
pended in Red Blood Cell Lysis Solution (130-094-183, Mil-
tenyi Biotec, USA). After being washed twice with PBS, the
cells were resuspended in sorting buffer (PBS supplemented
with 0.04% bovine serum albumin) to achieve a single-cell
suspension.

2.4.  Single-cell library preparation and sequencing

Following the user’s instructions, scRNA-seq libraries were con-
structed using the Chromium Next GEM Single Cell 3’ Kit v3.1
(PN-1000121, 10 x Genomics, CA, USA). Briefly, approximately
10,000 cells captured in droplets were encapsulated in Gel Beads
in Emulsion (GEMs). Transcripts were reverse transcribed, and
then the emulsions were broken to collect the cDNA, which was
subsequently purified and amplified using SPRIselect reagent
(B23318, Beckman Coulter, CA, USA) for PCR. The amplified
cDNA was then fragmented and end-repaired. The sequencing
library was prepared following the manufacturer’s user guide. The
library was sequenced on an Illumina NovaSeq 6000 sequencer
(Illumina, CA, USA) with 150 bp paired-end reads.

2.5. scRNA-seq quality control and data processing

The raw data underwent filtering to remove low-quality reads and
adapter contamination using fastp (version 0.20.0) with default
parameters'. Subsequently, the high-quality reads were processed
with Cell Ranger (version 6.0.1) to generate cell-gene expression
matrices by aligning them to the mouse reference genome (mm10)
individually (https://github.com/10XGenomics/cellranger). Next,
Seurat (version 4.0.4) was employed for a second round of quality
control and downstream analysis’”. Each sample was normalized
and scaled using Seurat’s SCTransform function separately. The
IntegrateData module was applied to integrate the expression
matrices of six samples with high-quality cells, resulting in an
integrated cells-genes expression matrix devoid of batch effects.
Subsequently, Dimensionality reduction was achieved using
RunPCA, while Uniform Manifold Approximation and Projection
(UMAP) was employed for nonlinear dimensionality reduction
and visualization of the datasets.

2.6. Cell type annotation

To annotate cell types, we employed a combination of canonical
cell markers and cluster-specific expression genes to validate the
identity of each cluster obtained in the two-dimensional space.
Seurat’s FindAllMarkers function was used to identify cluster-
specific expression genes by comparing a certain cluster with the
remaining clusters. Initially, we determined the identity of each
cluster based on the expression of canonical cell markers. We
assigned the cluster to the marker-related cell type if a marker
gene exhibited high expression in a specific cluster. On the other
hand, if a cluster did not express any canonical marker gene,
cluster-specific expression genes were used to identify the cell
type of the cluster. Moreover, the identity of clusters exhibiting
high expression of classical markers was further confirmed by the
cluster-specific expression genes. This combined approach uti-
lizing both canonical cell markers and cluster-specific expression
genes provided a robust method for accurately annotating the cell
types within each cluster.

2.7.  Differentially expressed gene (DEG) and gene functional
enrichment analysis

Seurat’s FindMarkers function was utilized to identify differen-
tially expressed genes (DEGs) with default parameters. Specif-
ically, we compared DKD with Normal and RA-treated DN
(DKD_RA). DEGs were defined as genes with an adjusted P-
value <0.05 and a |log fold change| >0.25. To gain insights into
the biological functions associated with the identified DEGs, the
clusterProfiler package (version 3.18.1)> was used to perform
Gene Ontology (GO) enrichment analysis. We separately con-
ducted GO enrichment analysis for the up-regulated and down-
regulated DEGs. The enriched GO terms/pathways were filtered
based on a Benjamini-Hochberg (BH) corrected P-value <0.05.
The significant GO terms/pathways were further utilized for
downstream analysis and visualization.

2.8.  Analysis of gene regulatory network

The analysis of transcription factor activity and gene regulatory
network was carried out using the Python implementation of the
SCENIC method**, known as pySCENIC (v0.11.2)%.

2.9.  Cellular crosstalk analysis

CellChat (Version 1.4.0) was used to perform cellular crosstalk
analysis based on the ligand—receptor interactions among cell

types with default parameters>°.

2.10.  Label-free LC-MS/MS detection and data analysis

After obtaining the proteome data, we conducted downstream
analysis and visualization using the R programming language.
Firstly, we filtered the data to retain proteins that were simulta-
neously detected in at least three replicates. Then, we applied
variance stabilizing transformation (VST) to normalize the data,
taking into account the inherent variability in proteome data®’.
Due to the presence of missing values in the proteome data, we
employed imputation techniques. Specifically, we used random
draws from a Gaussian distribution centered on the minimum
value to impute missing values”’. Next, we utilized the limma
package to identify differentially expressed proteins (DEPs)>®.
The P-values obtained were adjusted for multiple testing using the
fdrtools package®’. Proteins with an adjusted P-value of less than
or equal to 0.05 and a |[fold change|>1.3 were considered as DEPs,
indicating significant changes in protein expression. To elucidate
the functions of the DEPs, we performed enrichment analysis
using the enrichR package™. The analysis involved assessing
functional enrichment in terms of Gene Ontology Biological
Process 2021 and KEGG 2021 Mouse databases. Functional en-
tries with an enrichment P-value less than 0.05 were selected for
further downstream analysis and visualization.

2.11.  Western blot analysis

Proteins were extracted using pre-chilled RIPA lysis solution
(POO13B, Beyotime, China), and their concentrations were
measured. Equal amounts of proteins from different samples were
loaded onto SDS-PAGE gels for separation. The separated pro-
teins were then transferred onto PVDF membranes (IPVH00010,
Millipore, Massachusetts, USA). To prevent non-specific binding,
the membranes were blocked with 5% milk at room temperature
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for 1 h. Following this, the membranes were incubated with the
primary antibodies against interleukin 1 beta (IL-183, 12442S,
CST), nuclear factor kappa B (NF-«B, 10745-1-AP, Proteintech)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
EM1701-45, HuaBio, China) overnight at 4 °C. After the primary
antibody incubation, the membranes were incubated with the
corresponding HRP-labeled secondary antibody. The protein
bands of interest were visualized using ECL solution (BL523A,
Biosharp, China) and semi-quantified using ImageJ software.

2.12.  Statistical analysis

Data in this study are representative of at least three independent
experiments, and error bars are presented as the mean =+ standard
error of the mean. 7-test and One-way ANOVA were employed for
statistical analysis of the differences among the groups. Significant
P values are denoted with asterisks: *P < 0.05, **P < 0.01,
*#*%P < (0.001 and ns represented not significant. SCP, pheatmap,
and ggplot2 was used for data visualization.

2.13.  Data availability

The code used in this study has been submitted to the GitHub
repository at https:/github.com/Atvar2/DKD-RA. The raw data
have been uploaded to the Genome Sequence Archive in the
National Genomics Data Center, assigned with the GSA code:
CRAO012260. These data are publicly accessible at https://ngdc.
cncb.ac.cn/gsa.

3. Results

3.1.  Single cell profile relating to DN-induced mouse kidney
injury and RA treatment

To evaluate the effect of RA on DN, we performed scRNA-seq
and proteomics using mass spectrometry techniques on cry-
opreserved kidney tissues, which were obtained from normal mice
(Normal), DN models (DKD) and RA-treated DN (DKD_RA)
samples (3 cohorts with 6 samples for scRNA sequencing; 3 co-
horts with 9 samples for proteomics analysis). Fig. 1A illustrates
the experimental workflow. Following that, samples including
Normal, DKD, and DKD_RA were collected for scRNA and
proteomics sequencing and downstream analysis. Additionally, the
changes of histopathology such as vacuolar deterioration of the
tubular epithelium were observed in the kidney tissue of DN mice
(Fig. 1B). Notably, DN-induced kidney injury was reduced in part
after RA treatment.

The integrated scRNA-seq dataset was processed as described
in the methods. After quality control, we obtained a total of
51,882 cells including 17,404 cells from the Normal group,
18,150 cells from the DKD group, and 16,328 cells from the
DKD_RA group. The data was dimensionally reduced at 0.8
resolution and visualized in UMAP (Fig. 1C—E and Supporting
Information Fig. S1A). To confirm the identities of the 28 ob-
tained cell clusters, we utilized classic marker genes and identi-
fied 13 cell lineages (Fig. 1C), including proximal tubule (PT)
with high expression of Sici3a3, Slc27a2, and G6pc (which dis-
played the highest cell ratio of about 73.33% in comparison to
other lineages), descending loop of Henle (DLH) with Agpl and
Proser2, distal convoluted tubule (DCT) with EmxI, ascending
loop of Henle (ALH) with Slc/2al and Umod, collecting duct
principal cells (CD-PC) with Agp2, Hsdl1b2, and Tmem45b,

collecting duct intercalated cells (CD-IC) with Azp6v0d2 and
Atp6vig3, podocytes (Podo) with Cdknlc and Lamb2, and
endothelium (Endo) with Flt/ and Ptprb. For immune cells, we
identified macrophages (M¢) with high expression of Clga,
Clgb, and Lyz2, neutrophils (Neutro) with $700a8 and S100a9, T
cells and NK (T/NK) with Cd3d and Nkg7, and B cells (B) with
Cd79a and Cd79b (Fig. 1C and D). Notably, we discovered a cell
type with high expression of Cdca3, Mki67, and Stmnl, which has
been identified as a novel cell type in a published study’'.
Moreover, projecting the expression of these genes on UMAP
further suggested cell lineage specificity, consistent with the
unique transcription profile of marker genes from each cell type
(Fig. S1B and S1C). Correlation analysis revealed high correla-
tion coefficients among the annotated cell types in our single-cell
RNA data and corresponding datasets from published single-cell
RNA or bulk RNA sequencing studies’'** (Fig. SID and SIE),
indicating strong evidence for the correct assignment of cell
types.

Next, compared with the Normal group, the percentage of PT
increased in DKD from 63.78% to 76.26% (Fig. 1F), consistent
with the proliferation of proximal tubular cells during diabetes™.
For a subset of lineages including ALH, CD-PC, CD-IC and Podo,
the proportion decreased in the DKD group, while RA treatment
could partially rescue this decrease (Fig. 1F and G). These results
show the distributed changes of cells induced by DN including an
increase in the proportion of proliferative cells and reductions in
certain epithelial cells, which were partially recovered after RA
treatment.

3.2.  Cellular heterogeneity in response to RA treatment

To uncover the molecular mechanisms behind these cellular
changes, Seurat’s FindMarker was utilized to identify differen-
tially expressed genes (DEGs) for each cell type. According to the
distribution pattern of up- or down-regulated DEGs detected in the
two comparisons DKD vs. Normal and DKD_RA vs. DKD
(Supporting Information Fig. S2A and S2B), we observed the
expression profiles of DEGs from immune cells, particularly Mo,
revealing significant changes (Fig. S2C—S2G). Notably, our anal-
ysis showed that PT exhibited the highest number of DEGs after
RA treatment, followed by ALH (as depicted in Fig. S2H).
Moreover, the majority of DEGs were primarily found within a
single cell type (Fig. S2G and S2H), underscoring cellular het-
erogeneity in response to RA treatment. Intriguingly, PT showed
the largest number of rescued genes by RA treatment followed by
ALH, while no rescued genes were identified in Neutro, B, and
Podo cells (Fig. 2A). Additionally, we observed several rescued
genes, such as AtoxI, Abcal, Nfkbl, and 111b, involved in oxidative
stress and inflammation (Fig. 2A and B). Functional pathways
associated with inflammation, including TNF-« signaling via NF-
kB, oxidative phosphorylation and apoptosis, were enriched in the
genes rescued by RA treatment (Fig. 2C). Next, we found that
Podo, DLH, and PT had higher module scores for response to
oxidative stress than other cells, while Neutro and Mg had higher
scores for response to inflammation, as shown by the expression
pattern of the most variable genes involved in the two processes
with higher abundance in the DKD group (Fig. 2D and E).

Collectively, we revealed the cellular heterogeneity in response
to RA treatment that regulates the expression of genes involved in
oxidative stress and inflammation. Podo and Neutro had the
highest module scores for oxidative stress and inflammation,
respectively.
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Figure 1

Experimental pipeline and single cell landscape of RA treatment in DN mice. (A) Experimental scheme and workflow diagram in the

study (Created with BioRender.com). (B) H&E staining displaying pathological changes of murine kidney in Normal, DKD, and DKD_RA. Scale
bar = 100 pm (Red arrows indicating vacuolar deterioration of the tubular epithelium; MET, metformin). (C) Cell types of sequencing cells
projecting on UMAP visualization. PT, proximal tubule; DLH, descending loop of Henle; DCT, distal convoluted tubule; ALH, ascending loop of
Henle; CD-PC, collecting duct principal cell; CD-IC, collecting duct intercalated cell; Podo, podocyte; Endo, endothelium; Mg, macrophage;
Neutro, neutrophils; T/NK, T cells and NK cells; B, B cells. The percentages in the brackets represent percentage of each cell type. (D) Violin plot
displaying expression of classical marker in responding cell type. The Y-axis shows the logscale normalized reads count. (E) UMAP visualization
showing the group attribute of cells. (F) Bar plot depicting cellular composition in the three groups (Normal, DKD, and DKD_RA). The table
beside the bar plot contains the specific percentages. (G) Statistical analysis of cellular changes in ALH, CD-PC, CD-IC, and Podo within Normal,

DKD, and DKD_RA.
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Figure 2  Analysis of differential gene expression and cellular heterogeneity response to RA treatment. (A) Heatmap of log, (fold change) of
rescuing genes in 13 cell type (left: DKD vs. Normal; right: DKD_RA vs. DKD). Gene symbols beside heatmap representing genes relating to
inflammation and oxidative stress. (B) Expression levels of up-regulating genes in the DKD group, which display significant variability among
cell types. Rectangle marking genes that significantly upregulated in the certain cell type. (C) Dot plot displaying pathway enrichment of rescuing
genes. (D) Distribution of response to oxidative stress module score in identifying cell types. (E) Distribution of inflammation module score in
identifying cell types.
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3.3.  RA treatment relieves PT SI cell injury induced by DN

The proximal tubule (PT), which is densely packed with mitochon-
dria and relies on oxidative phosphorylation, constitutes the majority
of the kidney parenchymal cells and is prone to damage from
oxidative, hypoxic and metabolic stressors, contributing to the pro-
gression of diabetic renal disease’**. To investigate the potential
mechanism of PT in the DKD group, we performed enrichment
analysis for PT-related DEGs and found that these genes were mainly
enriched in metabolic processes and oxidative stress-related path-
ways, such as the small molecule catabolic process, urate metabolic
process, reactive oxygen species metabolic process, oxidative phos-
phorylation, and cellular response to hypoxia (Fig. 3A). In detail, we
re-clustered PT cells into 12 clusters, assigning identities based on
classical markers and obtained three subtypes (namely S1, S2, and
S3), each with a specific expression pattern (Fig. 3B and C). S1 and S3
segments were characterized by the expression of their corresponding
markers, while the marker genes of S2 (Fxyd2, Mif, and Gsta2) were
also expressed in the other segments, representing the transitional
state of PT (Fig. 3D)'"*'. Moreover, the composition of S2 segment
increased in the DKD group compared with Normal mice, and this
increase was partially reversed after RA treatment. The opposite trend
was observed in S1 (Fig. 3E).

Further analysis found that injury markers (C3, Myc, Dcdc2a,
and Sema5a)'"® were mainly enriched in S1 and S3, in line with
the high inflammation scores of the two subtypes compared with
S2 (Fig. 3F and G and Supporting Information Fig. S3A). Sub-
sequently, we computed the injury scores based on the injury
markers outlined by Kirita Y et al. in their PNAS (2020) study and
mapped these scores onto the UMAP?®. Intriguingly, PT SI
exhibited the highest injury score, as depicted in Fig. S3B. To
further delve into the details of inflammation, we projected the
inflammation scores onto the UMAP. The results indicated that PT
S1 displayed a higher inflammation score in contrast to the other
two segments at the single-cell level (Fig. S3C). However, the
scores of oxidative stress gene set sourced from the MGI database
(https://www.informatics.jax.org/) appeared relatively consistent
across all three subtypes (Fig. S3D). Notably, the injury score of
S1 with the highest inflammation scores were remarkably
increased in the DKD group, while RA treatment significantly
reversed this trend in agreement with the proteomics results
(Fig. 3H and I). Therefore, we investigated the expression pattern
of genes involved in oxidative stress, wound repair, and inflam-
mation in the three groups for S1 (Fig. 3J, Fig. S3E) and detected
that RA treatment alleviated the expression of oxidative stress
genes, such as Atoxl, Gpx1, Chchd2, Txnip, Ndufs2, Sod2, Mgst1,
Gas5, Cat, Vnnl, and Prdxl, as well as wound repair genes
(F13al, Entpdl, Fga, Dysf, Fgg, and Ccrl). Furthermore, the
expression of pro-inflammatory genes such as Cd8a, Csf3r, Nkg7,
1l1b, Cdi4, and Ccr7 were diminished following RA treatment
(Fig. S3E). Moreover, according to the prediction of transcription
factors (TF) regulatory activity, we identified that pro-
inflammatory TFs (Rara, Xbpl, Bcl3, Nfkb2, Hifla, Fosl2, and
Stat3) were activated in the DKD group, while their activity scores
were decreased by RA treatment (Fig. 3K). Overall, RA treatment
could improve PT S1 injury induced by DN by regulating wound
repair, oxidative stress and inflammation.

3.4.  RA treatment improves podocytes injury in DN mouse

To investigate the effect of RA treatment on the other epithelial
segments, we re-clustered these nephron cells into 9 subtypes with

cluster-specific marker genes, including DLH, DCTI1, DCT2,
ALH, CD-PC, A-IC, B-IC, CD-Trans, and Podo (Fig. 4A and B).
The ratios of ALH, B-IC, and Podo decreased while those of the
DCT2, A-IC, and CD-PC subtypes distinctly increased in the
DKD group. RA treatment slightly reversed the ratio changes of
these segments compared with DKD (Fig. 4C, Supporting
Information Fig. S4A).

Additionally, we performed enrichment analysis of DEGs
identified in these cells and found that the up-regulated DEGs in
the DKD group compared to the Normal group were mainly
enriched in inflammatory processes, such as regulation of in-
flammatory response, interleukin-6 production and reactive oxy-
gen species metabolic process, and pathways related to migration
or proliferation of immune cells (Fig. S4B). In the comparison of
DKD_RA to DKD, the upregulated genes were mainly enriched in
processes associated with ATP metabolic process, glucose meta-
bolic process and oxidative stress response, and negative regula-
tion of apoptotic signaling (Fig. S4C).

Next, we examined the expressed distribution of injury marker
genes (Vcaml, C3, Cp, Len2, and Clu) across all segments, which
suggested the heterogeneous expression of injury genes (Fig. 4D).
Particularly, Clu showed significant expression across all sub-
types, while Vcaml, C3, Cp, Lcn2, and Clu displayed high
expression levels in Podo. Notably, Clusterin (Clu) has demon-
strated the ability to prevent complement-induced cellular damage
in membranous glomerulonephritis, and study have indicated its
upregulation in glomerular of patients with DN°"*%. Vascular cell
adhesion protein 1 (Vecaml) and Lipocalin-2 (Lcn2) have been
identified as biomarkers for renal injury***’. C3a, associated with
complement activation (C3), has been suggested to participate in
promoting podocyte damage’', while Ceruloplasmin (Cp) has
been observed to exhibit increased excretion in individuals with
impaired glucose tolerance and diabetes*”. To further evaluate
DN-induced injury among these segments, we calculated the
inflammation and injury module scores for these segments.
Consistent with the expression distribution of injury marker genes,
the results showed that Podo had the highest inflammation and
injury scores among these subtypes (Fig. 4E). Thus, we evaluate
the effect of RA treatment on Podo, we performed enrichment
analysis for DEGs of Podo firstly. Our findings detected upregu-
lation in the regulation of inflammatory response, cytokine-
mediated signaling pathways, regulation of cell—cell adhesion,
cell chemotaxis, myeloid leukocyte migration, wound healing, and
the ERK1 and ERK2 cascade in the DKD vs. Normal comparison.
Conversely, these pathways were downregulated in the DKD-RA
vs. DKD (Fig. 4F). As predicted in the results, pathways
including inflammation, oxidative stress, wound healing, and
PI3K-Akt signaling pathway from DEPs results were upregulated
in DKD group while downregulated in DKD_RA group (Fig. 4H).
Moreover, we found RA treatment reduced the expression of
genes involved in cell chemotaxis, oxidative stress, and injury in
the Podo subtype (Fig. 4G).

Collectively, we observed heterogeneous responses to injury
among these epithelial segments in the DKD group, and RA
treatment was able to ameliorate the injury of Podo by regulating
cell chemotaxis and oxidative stress.

3.5.  RA treatment alleviates inflammation and reduces the
recruitment of S100a4 macrophages

Macrophages display notable plasticity, enabling them to adjust
their functions based on signals from the local microenvironment
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RA treatment relieves PT S1 cell injury induced by DN. (A) Function enrichment of DEGs in PT cells. (B) Re-clustering of PT cells

(dividing into PT S1, S2, and S3). (C) Heatmap of average expression of specific expressed genes in each subtype. (D) Violin plot displaying the
expression of canonical markers. (E) Cellular composition of three subtypes in Normal, DKD, and DKD_RA. (F) Expression levels of injury
marker genes in each subtype. (G) Distribution of inflammation module score in each subtype. (H) Distribution of injury scores in Normal, DKD,
and DKD_RA groups. (I) Protein content of injury genes in Normal, DKD, and DKD_RA groups. (J) Heatmap of average expression of genes in
S1. Top panel representing genes relating to wound repair; bottom panel showing genes involving in oxidative stress. (K) Heatmap of TF activity

in PT S1 within Normal, DKD, and DKD_RA groups.



Single-cell insights into the alleviation of diabetic nephropathy by rosmarinic acid

1669

A B Cc
m eDLH Agp?
e DCT1 ’397055'%
®DCT2 Al lc12a.
®ALH > | Pvalb 100%| DKD_RA — sublype
cD-PC N & 2 4 |Aldob ormal é 1
A-IC N i N giox ’ 75%| b
7 & nase © &
~ : #B-IC e ; Slc12at 5l?’5()% C.F;C
al ©® CD-Trans| ._|Umod < 25% D rans
= © Podo 4 4 Gldnio  § ot
= 7R Aqp2 s 0%
5 TR Hsd11b2
P Tmem45b
g Sic4at
R Aqp6
S Insmr
& Hmx2
FY N Slc26a4
I |Lamb2 e DKD
KN O O @ O 0 roups
UMAP_1 S LS
A I o I
&
D 5 Max
Veam1 Cc3 Cp Len2 Clu H
& @ ¢ é 2 3
S
3 ‘2
« A . (K R T g
3 ] - ' R | a X
o . ¥ ,# i 3 \J ¥ * Wl Min
Ny o, 7 Snugl o wf 8
o : o s S | o f
S S & = §
=) =2 i o |
UMAP_1 UMAP_1 UMAP_1
s i F
200 : ScC6 , . DEG enrichment in Podo
’ H . H : : squLHpe wound healing ° . Pvalue
B1541 : : i i i DCT1 urogenital system development . . 0.03
3 s | H 3 DCT2 0.02
2 H H H LH tumor necrosis factor production . 0'01
E, 1.0 : : H CEEPC regulation of inflammatory response . . :
] ] i ] CD-Trans ulation of cell-cell adhesion . .
805 ; ] =T = : Count
g i R | Podo phagocytosis . °20
oo 1 i 1 Ll Notch signaling pathway o : ;g
’ ~m myeloid leukocyte migration 03 .
-0. : : 8} myeloid leukocyte activation . .
Injury module score lymphocyte proliferation ° .
20 1 F leukocyte proliferation [ .
3 intrinsic apoptotic signaling pathway .
E integrin-mediated signaling pathway L]
E 10 extracellular matrix organization ®
g ERK1 and ERK2 cascade .
{4 cytosolic ribosome L ]
ﬁ cytokine-mediated signaling pathway ®
0 o cell chemotaxis ° o
! acute inflammatory response .
: 45 DKD vs. Normal DKD_RA vs. DKD
G H DEP enrichment in proteome
Cell ch is (Podo) Oxidative stress (Podo) 3 regulation of apoptotic process ° ° Pvalue
— H Max 0.06
Sle7a11 = negative regulation of apoptotic process ° ° 0.04
Csfsr Gas5 2§ 0.02
Stap1 gPS'JG 3 § PI3K-Akt signaling pathway . .
Comla N?ec2[2 'E.I . i Gk ; Count
ol s % Emin positive regulation of apoptotic process ° . : ; g
Ccl9 Cd38 Celitype cellular response to oxidative stress ™ ° 30
Ccri2 Geht | | gﬁ%ﬂm
Cxcr4 Injury marker (Podo) DKD RA negative regulation of i y . .
Crrds S Veam1 iti lation of reacti ies metaboli
AdamB positive regulation of reactive oxygen species metabolic process L] .
Itgam Haver] cellular response to reactive oxygen species . .
Lyn Cxcl1
Cers 2 wound healing . .
Spit Len g >
Fazar Gl in DKD in DKD_RA
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and recruit additional macrophages in response to inflammatory
signals or antigen processing®. In this part, we re-clustered
macrophages from our data sets and identified four subtypes
(Gpx3+Mg, Cd86+M¢, S100a4+Meg, and Cd163+Me), each
characterized by a unique expression pattern (Fig. 5A and
Supporting Information Fig. S5A). Cd86+Mg was identified as an

M1-like macrophage phenotype by the subtype-specific Cd86,
while Cd163+M¢g with the M2-like phenotype displayed high
expression levels of anti-inflammatory markers, such as CdI63,
CleclOa, and Cd209g. Hypoxia-inducible as well as
inflammation-related genes (S100a4, Anxa2, and Il1b) were
enriched in S100a4+Mg (Fig. 5B). Finally, processes associated
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RA treatment alleviates inflammation and reduces the recruitment of $/00a4 macrophages. (A) Re-clustering of macrophage,

dividing into four sub types, namely Gpx3+Mg, Cd86+Meg, S100a4+Mg, and Cd163+Me. (B) Dot plot showing the expression of subtype-
specific genes. (C) Bubble plot displaying pathway enrichment of differentially expressed genes in each subtype of macrophage in DKD vs.
Normal and DKD_RA vs. DKD. (D) Expression level of genes relating to reactive oxygen species, hypoxia and inflammation in Cd86+Mg¢ and
S100a4+Mg. (E) Heatmap of TF activities in S100a4+Mg within Normal, DKD, and DKD_RA groups. (F) Protein content of inflammatory
genes in Normal, DKD, and DKD_RA. (G) Western blotting and quantitative statistics of proinflammatory factors IL-18 and NF-kB proteins.

*P-value <0.05.
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with leukocyte migration-related processes and endocytosis were
enriched in Cd86+Mg, S100a4+Mg, and Cd163+Mg. Notably,
the process of antigen processing and presentation was specific to
Cd86+Mg (Fig. S5B). We then calculated the alteration of
cellular composition for each subtype and found that the propor-
tion of Cd86+Mg and S100a44+-Mg respectively decreased and
increased in the DKD group compared with the Normal group,
with both trends being reversed after RA treatment (Fig. S5C).

Next, we performed enrichment analysis on DEGs between
two comparisons (DKD vs. Normal and DKD_RA vs. DKD)
across each subtype. DEGs in Cd86+Mg and S100a4+Mg were
mainly enriched in inflammation processes in DKD, such as 112
Stat5 signaling, 116 Jak Stat3 signaling, and TNF-« signaling via
NF-kB, while RA treatment reduced these inflammation-related
responses (Fig. 5C). Moreover, signals or genes associated with
reactive oxygen species, hypoxia, and inflammation were signifi-
cantly downregulated after RA treatment in Cd86+Mg¢ and
S100a4+-Me, suggesting that RA treatment could ameliorate
inflammation and ROS (Fig. 5C, D and Fig. S5D). Activity scores
of inflammation-related TFs, such as Hifla, Nfkb2, and Stat3 were
also improved by RA treatment (Fig. SE), consistent with the
expression levels of the corresponding genes and proteins
(Fig. 5F). Western blot analysis further confirmed the anti-
inflammatory effects of RA treatment (Fig. 5G).

Overall, our findings demonstrate that RA treatment could reduce
the recruitment of S100a4+Mag, reverse the high expression levels of
pro-inflammatory and ROS-related genes in DKD, and alleviate
inflammation in the Cd86+Mg¢ and S100a4+Mg subtypes.

3.6.  RA treatment ameliorates immune dysfunction in DN mice

Lymphocyte T, B cells and natural killer (NK) cells play critical
roles in innate and adaptive immunity. We re-clustered the immune
cells from our data set and obtained eight subtypes (namely T_CI,
T_C2, T_C3,T_C4,B_Cl, B_C2, B_C3, and NK) based on classic
markers (T cells: Cd3d and 117r; B cells: Cd79b and NK: Ncrl and
Nkg7) and cluster-specific genes (Fig. 6A and B). Among them,
T_C1, T_C2, and T_C3 exhibited CD8 signature with the expres-
sion of Cd8bI. Interestingly, the percentages of T_C1 and T_C2
increased in the DKD, while decreased in the DKD_RA group.
Conversely, T_C3 exhibited the opposite trend (Fig. 6C). Addi-
tionally, we observed distinct changes in the proportions of B_C1
and NK cells of DKD mice that were subsequently reversed by RA
treatment, while remaining subtypes exhibited minor changes
(Fig. 6C). Furthermore, the highest cytotoxic and inflammatory
module scores were displayed in NK cells across all subtypes
(Fig. 6D and E; Supporting Information Fig. S6A and S6B). RA
treatment effectively improved the cytotoxic and inflammatory
response of NK cells in DKD compared with DKD_RA group
(Fig. 6F) and diminished the expression of inflammation related
genes including Cd48, Cd69, Cxcr6, Ccl5, and others in NK cells
(Fig. S6C and S6D). Previous studies have reported that Cd48 and
Cd69 are involved in DN***_ Next, we observed that up-regulated
genes in NK cells were enriched in cytokine-mediated signaling
pathways and positive regulation of immune responses following
RA treatment. Conversely, down-regulated genes were enriched in
apoptotic processes, negative regulation of T cell proliferation, and
regulation of cell adhesion (Fig. 6G).

Overall, our study reveals the recruitment of NK cells in the
DN mice, which enhanced the cytotoxic and inflammatory re-
sponses, while RA treatment ameliorated the immune dysfunction
induced by DN and remodeled the immune processes of NK cells.

3.7.  RA mediated intercellular crosstalk in murine kidneys with
DN

To investigate the effect of RA treatment on the intercellular in-
teractions of DN in murine kidneys, we evaluated cellular
communication among various cell types and subtypes using po-
tential ligand—receptor (LR) pairs’®*®, We found widespread
crosstalk among cell types in the Normal, DKD, and DKD_RA
groups (Supporting Information Fig. S7A). Notably, subtypes of
kidney epithelium for instance PT S1, Podo, and CD-PC and
immune cells such as Cd86+Mg, S100a4+Mg, and NK exhibited
increased crosstalk strength in the DKD cohort, whereas the
crosstalk strength diminished after RA treatment. To explore
cellular communication of critical cell types in detail, we exam-
ined signals originating from M]1-like macrophage Cd86+Mep,
S100a4+4+-Mg, NK, PT S1, and Podo. Intriguingly, compared with
Normal cohort, signals from S100a4+Mg increased between
S100a4+Mg and CP-PC, Neutro, NK, T_C2, and TC_3 in the
DKD group (Fig. 7A). In line with this result, intercellular
crosstalk was enhanced between Cd86+Mg and T_C2, T_C3,
NK, and Neutro (Fig. S7B). Moreover, the DN microenvironment
increased cellular communication between NK cells and inflam-
matory cell subtypes Neutro, Cd86+Mg¢, and S100a4+Me
(Fig. 7B), indicating that DN caused intercellular crosstalk
dysfunction mainly involving in MI-like macrophages, NK,
Neutro, and subtypes of T cells. As depicted in Fig. 7A and B;
Fig. S7B, RA treatment could reduce intercellular crosstalk and
remodel the intercellular microenvironment. On the other hand,
we observed that PT S1 demonstrated a higher injury and
inflammation score than other segments of PT (Fig. S3B and
S3C). While DN enhanced the crosstalk of PT S1 with M1-like
macrophages and NK (Fig. S7C). However, no significant
changes were observed in the interaction of Podo with the
remaining cell types (Fig. S7D).

Furthermore, we identified specific ligand-receptor (LR) pairs
and pinpointed 10 significant LR pairs (P < 0.01) (Fig. 7C). The
communication probabilities of Cd274-Pdcdl, Cd86-Ctla4, and
Mif-(Cd74+Cd44) pairs in the intercellular communication of
Cd86+Mg, S100a4+Meg, and NK with subtypes of T cells (T_C1,
T_C2, and T_C3) increased in the DKD group. The Cd274/Pdcdl
pathway, along with Cd86/Ctla4, represents crucial immunosup-
pressive checkpoints playing a pivotal role in suppressing the
immune response’’*®. Studies have indicated that the Mif/Cd74/
Cd44 axis is involved in upregulating PD-L1 levels**~’. These
findings suggest that the immune response is suppressed in DN.
Importantly, our observations indicate that RA may alleviate
immunosuppression by down-regulating the communication
probabilities. Additionally, the interaction of between up-
regulated chemokines and their respective receptors, for instance
Ccl6-Ccr2, Ccl5-Ccer5, Ccl3-Cer5, and Ccl2-Ccr2, was upregu-
lated in the intercellular crosstalk of Cd86+Mg, S100a4+Me,
and NK with T_C1, T_C2, and T_C3 in the DKD group. Previous
studies have characterized Ccl2, Ccl3, Ccl5, and Ccl6 as pro-
inflammatory chemokines®'. Our results suggest that RA may
inhibit inflammation of DN by down-regulating the communica-
tion of LR pairs.

4. Discussion
DN, a metabolic disease, promotes a persistent hyperglycemic

environment, resulting in heightened free radicals and over-
production of ROS >, Oxidative stress induced by an imbalance



1672 Junhui Chen et al.

A B
15}
A7 e n7r
6 7 subType: ) Do <> | i
2 ¢ .
) 3] 1:T_C1
®@zTCe e - L
e 3:T_C3 Cd79b
1 4:T _C4
- s 5:8_C et B t
« 4 - N7 SR @ @ 1 . o
& i Cd3g
@ 8:NK i 3 1
Cxeré 8
c
Aldob
Fabps WL §
Dapl1 I ™
bTh Tef7
Sublype Left subType

T_C1 ot Il—ﬂ o2
T_C2 Lmo4 T7C 2
LT c3 zfae ML Tes
- H2-DMb1 T4
B.Ct Cyp4118 B_C1
B_c2 Cd40 B o2
NK Fert1 | [ ] B:CS

Agp1 | || NK

Ifngr2

Pgap1

Rasgrp2
Etnk1

Fcerlg
Tyrobp
Gzma

Inflammatory Response (zscore)
[ " (NN [ ] " L X
T " Ny 41 1= " T
[ " (NN . [ " (| -
- 31 [ " (N subType: — [ " i ¢ SUbType'
g [ " [N} T C1 93_ [0 n Lt T C1
[ " (] — [ 1] " 0 ¢ —
& 21 i " L T_C2 < ] " 0 ¢ T C2
[ " (N c
o [ " [N TC3 o 24 : : :: : : : TC3
2 . : ] :: ::: T_C4 @ ' " i { T C4
E 1 [ " i ¢
g L n ry g—g; o 1 1- 4 i [ B_C1
53 : : :: ::hﬂmm B_CS % (B0 " X B _C2
W Lk . S i X 1l " [| X B C3
0 + :Hh w d. | =
1 X NK O riom et e Hul .
" | NK
ﬂ Vo P e | &
14 k4 kA & 4 U] " | M
= bT & »1 - i d I Ty g =
i sublyp G subType
_ Cytotoxic moduel in NK (zscore)
[
E Groups: M Up-regulated pathway [Ji)j Down-regulated pathway
.E 2 Mol cytokine-mediated signaling pathway
% 1 ! D cellular response to cytokine stimulus
4 R.
& 0 DKD_RA regulation of phosphatidylinositol 3—kinase signaling
w
positive regulation of immune response
neutrophil mediated immunity
Groups fatty acid beta—oxidation
toti
— Inflammatory response in NK (zscore) R -
g 1.5 negative regulation of T cell proliferation
= 1'0 Groups: regulation of cell adhesion -
‘§ 05 gﬁr[r)nal toll-like receptor signaling pathway
"5’_ 0.0 DKD_RA pyroptosis -
ﬁ leukocyte tethering or rolling

.5 5.0
~log{P value)

Groups

Figure 6 RA treatment ameliorates immune dysfunction in DN mice. (A) The UMAP visualization displaying re-clustering of T lymphocyte, B
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Figure 7

RA mediated intercellular crosstalk in murine kidneys with DN. (A) Chordal graph illustrating the differential interactions between

S100a44+-Mg and other cell types in Normal, DKD, and DKD_RA. (B) Chordal graph illustrating the differential interactions between NK cells
and other cell types in Normal, DKD, and DKD_RA. (C) The bubble plot displaying the communication probability of ligand-receptor pairs
between S100a4+Meg, Cd86+M¢ and NK cells and other immune cells. The top panel representing the Normal, DKD, and DKD_RA groups.

between the generation of ROS and the presence of antioxidant
compounds, and inflammation which has been identified as a key
contributor to the development of DN share a close relationship
and have the potential to further cause tissue damage, such as the

pathogenesis of diabetic nephropathy’>. To investigate the

mechanism of RA treatment after DN, we built a single cell map
from samples in DKD model groups with or without RA treat-
ment. As displayed in our results, the proportion of epithelial and
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immune cells altered significantly in DKD compared with the
Normal group, while RA treatment could partially reverse these
changes. Additionally, RA decreased oxidative stress and in-
flammatory response in the DKD group.

The renal tubular structure constitutes the major part of kidney
medulla and is sensitive to stimuli from metabolic disorders,
hypoxia, and toxins’®>’. As the predominant renal tubular cell
type, the proximal tubule (PT) plays a crucial role in filtering
bicarbonates, glucose metabolism, and regulating gluconeogen-
esis, and is susceptible to injury. The PT is further classified into
S1, S2, and S3 segments based on location and morphology, with
the S1 segment positioned closest to the glomerulus compared to
the other segments®. Sodium-glucose cotransporter-2 inhibitors
(SGLT?2i), used to treat DN, have demonstrated a direct impact on
PT S1 by targeting Slc5a42°°. In our study, we observed that PT S1
exhibited higher inflammation and injury scores. Accumulated
data have highlighted the critical role of inflammation in the
development of DN°’, where a persistent inflammatory response
caused tissue damage. RA treatment effectively reduced injury in
PT S1, ameliorating inflammation and oxidative stress. Genes
related to oxidative stress, such as Gas5, promoting inflammation
and oxidative stress®' and the activity of inflammation-related
transcription factors (HIF1A, NFKB2, and STAT3)-in PT S1
cells, were highly expressed or increased in the PT of DKD group
but were reversed by RA. In addition, we found the proportion of
PT S1 was reduced, and the increased part of PT was mainly
contributed by S2 in the DKD group. Following RA treatment, the
percentage of PT S1 cells increased.

Podocytes, which are a type of glomerular epithelial cells, play
an important role in the regulation of glomerular filtration®>. We
found multiple pathological changes in Podo during DN including
inflammation, oxidative damage and the increased activity of
oxidative stress-related genes, which resulted in decreased
glomerular filtration rates. Additionally, we detected the expres-
sion of genes related to cell chemotaxis such as Syk and Ccl9,
which act as stimulators in the progression of DN®*%*  distinctly
increased in the DKD group but were suppressed by RA. As ex-
pected, the results of DEP analysis further confirmed the damage-
healing effect of RA on the DKD group.

Macrophages are considered as the principal cells involved in
inflammatory regulation and their accumulation contributes to the
severity of DN. There are two main phenotypes of macrophages
namely M1 and M2, which are respectively recognized as accel-
erators and brakes for inflammation®. The S100a4+Mg cells
which are associated with the pro-inflammatory signaling
(including TNF-a signaling by NF-«B and interferon gamma
response) were significantly recruited in the DKD group, sug-
gesting the involvement of these cells in the development of DN.
TNF as regulators of NF-kB and ROS, promotes tissue-specific
inflammatory injury®®. Additionally, ROS-related genes, such as
Sod2, Hifla and Prdxl, were highly expressed in the activated
S100a4+Mg cells from our results. Notably, RA has been known
for alleviating the symptoms of DN by inhibiting the generation of
pro-inflammatory mediators and scavenging ROS'>""".

As for lymphocytes, peripheral activated and infiltrating T and
B cells are involved in the pathogenesis of DN and protein-
uria®”°®, Furthermore, NK cells have been proposed as important
leukocytes infiltrating the kidney in glomerulonephritis models®.
In instances of injury to tubular epithelial cells, there is an initial
recruitment of NK cells to the kidney through the TLR2-CCRS5-
CCL5 axis’®. Our study revealed an increased proportion of

T_Cl1, T_C2, and NK cells in DKD, with a subsequent decrease
observed after RA treatment. The expression of CCL5 was also
restored as a result of RA treatment in our investigation. In
contrast to T and B cells, NK cells exhibited higher cytotoxic and
inflammatory response scores in our research. RA appears to
regulate immune infiltration and inhibit the cytotoxicity of NK
cells by reducing inflammatory responses during DN.

Dysfunction in intercellular crosstalk primarily involved in
subtypes PT S1, Podo, Cd86+Mg, S100a4+Mg, and NK. Among
these, M1-like macrophages Cd86+M¢ and S100a4+Me¢ play
central roles in altering cellular interactions, followed by NK
cells. Ligand-receptor pairs involving immune suppressive genes
such as Cd274-Pdcdl and Cd86-Ctla4, as well as those associated
with pro-inflammatory responses such as Ccl6-Ccr2 and Ccl5-
Ccr5, are activated in DN and exhibit a decrease following RA
treatment. Results from our analysis of intercellular communica-
tion suggest that RA might reduce intercellular crosstalk and
remodel the cellular microenvironment in DN. In summary, our
study investigated the cellular mechanism of RA treatment in DN,
which is important for the future application of RA in treating DN.
We identified some candidate biomarkers as diagnostic or addi-
tional therapeutic targets for the treatment of DN.

5. Conclusions

We employed single cell sequencing to profile transcriptomic
changes of DKD model and RA treatment. Our results demon-
strated that RA could ameliorate renal tubular epithelium injury,
especially to the PT S1 and glomerular epithelial cells known as
podocytes, and reduce oxidative stress and inflammation induced
by DN. Furthermore, RA decreased the recruitment of S100a4
macrophages associated with pro-inflammatory signaling and
remodeled the immune microenvironment during DN. Collec-
tively, the study emphasizes the significance of RA in treating DN
and proposes potential novel biomarkers for the diagnosis of DN.
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