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Summary

Diabetic kidney disease (DKD) is the leading cause of end-stage
renal disease. Therefore, understanding the molecular regulatory
mechanisms underlying the pathogenesis of DKD is imperative. In
this study, we aimed to explore the molecular mechanisms of
tubule region endothelial dysfunction in early DKD. Early-stage
DKD model was established in 16-week-old female db/db mice for
16 weeks. Body weight, glucose level, and urine albumin-to-
creatinine ratio (UACR) were measured. Hematoxylin and eosin
(H&E) and periodic acid-Schiff (PAS) staining were performed to
evaluate pathological lesions. RNA sequencing data of the kidneys
and integrated publicly available single-cell and spatial
transcriptome datasets were used to investigate the mechanism of
endothelial dysfunction. There was a significant increase in body
weight (p = 0.001), glucose levels (p=0.0008), and UACR
(p=0.006) in db/db mice compared with db/m mice. H&E and PAS
staining showed that vacuolar lesions and protein casts of tubules
were the major histopathological changes observed in early-stage
DKD mice. The apoptotic pathway in endothelial cells was notably
activated in DKD, and Thbsl was identified as the central gene
involved in this apoptotic process. Deconvolution of the cell
composition in the RNA sequencing data showed a decrease in the
proportion of endothelial cells in the DKD mice. Further analysis of
the activity and regulatory network of transcription factors showed
that Creb1l was activated in both mouse and human early-stage
DKD, suggesting that Creb1 activation may be involved in early
kidney injury. The endothelial cell apoptotic pathway is activated
in DKD, and the proportion of endothelial cells was reduced in the
DKD mice, which is significantly associated with Thbs1.
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Introduction

Diabetic kidney disease (DKD) is a major
microvascular complication of diabetes mellitus (DM).
Approximately 30-40 % of DM patients develop DKD
[1], and nearly half of all DKD cases progress to end-stage
renal disease [2]. Several factors lead to the development
of DKD, including clinical risk factors, disease
management, heredity, kidney structural changes, and
abnormal activation or suppression of signaling pathways
[3]. Increasing evidence indicates that endothelial cell
dysfunction is crucial in the glomerular pathogenesis of
DKD [4]. However, the detailed molecular mechanisms of
endothelial cell dysfunction in tubule area of DKD are
poorly understood.

The traditional “glomerulocentric” paradigm for
DKD pathology includes mesangial expansion, capillary
surface reduction, and podocyte loss [5]. However, some
patients with advanced DKD do not exhibit several
glomerular pathologies or experience proteinuria [6].
Recently, proximal tubulopathy has been identified as a
key therapeutic target for DKD [7]. Tubulointerstitial
lesions are thought to be more pivotal than glomerular
damage in DKD progression, and tubular epithelial cells
can regulate spatially connected glomerular endothelial
cells [8]. Thus, we focus on the role of tubulopathy in DKD
pathogenesis. The mouse model has been extensively used
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to study human diseases. Currently, two mutant mouse
models, db/db and BTBR ob/ob mutant models have been
established to explore human DKD, which has
pathological impairments similar to those of human DKD
[9, 10]. The db/db mutant mouse model mimics the early-
stage DKD progression [9], whereas the BTBR ob/ob
mutant mouse model imitates the features of final-stage
DKD [10]. Studies involving both models are important
for understanding the entire progression and pathogenesis
of human DKD.

High-throughput sequencing has dramatically
accelerated research on disease progression. Although
bulk RNA sequencing can elucidate gene expression
profiles, it cannot dissect the origin of biological
alterations in specific cells. Single-cell RNA sequencing
(scRNA-seq) can resolve tissue heterogeneity but not the
spatial information of individual cells [11]. Spatial
transcriptomic analysis can provide an intuitive landscape
of tissue structure in situ [12]. Therefore, an integrated
multi-omics approach is necessary to comprehensively
elucidate molecular changes that occur during disease
progression. Therefore, we aimed to elucidate the
molecular mechanisms underlying endothelial cell
dysfunction in early-stage DKD using mutant diabetic
mice (db/db) and multi-omics analyses, which could
benefit the diagnosis and treatment of DKD.

Materials and Methods

Mouse model of DKD

All animal procedures were conducted according
to protocols approved by the Institutional Animal Care and
Use Committee of Zhengzhou University (ZZU-
LAC202305269 [18]). The study complied with the
ARRIVE guidelines. To establish an early-stage DKD
mouse model, we used female mice to reduce the risk of
hyperglycemic induced pyelonephritis [13, 14], and the 6
weeks db/db and db/m mice (BKS-Leprém2cd479/Gpt,
T002407) were purchased from GemPharmatech
(Nanjing, China). All mice were housed to 16 weeks at 20—
24 °C under a 12 h dark/light cycle, with ad libitum access
to food and water. Body weight was measured at 6 weeks
as well as 16 weeks, and only mice had similar body
weight were used for the experiment. The serum, urine,
and kidney samples of model mice were collected at 16
weeks.

Biochemical index detection
Mice in each group were fasted for 12 hours, and

tail vein blood was taken. Fasting blood glucose level was
measured by Accu-Chek Active blood glucose meter
(Shanghai Yiyao Scientific Instrument Co., Ltd.,
Shanghai, China). The mice were sacrificed and urine was
collected. The sediment was removed by low-speed low-
temperature centrifuge, and the supernatant was taken for
albumin content determination. Urine albumin and serum
creatinine were measured using an automatic biochemical
analyzer with a commercially available albumin-to-
creatinine  detection kit ~ (Nanjing  Jiancheng
Bioengineering Institute, Nanjing, China). Urine albumin-
to-creatinine ratio (UACR) was calculated.

Hematoxylin and eosin (H&E) staining

H&E staining was performed with an H&E
staining kit (ThermoFisher, MA, USA) following the
manufacturer's protocol. Part of the mouse kidney tissue
was fixed with 4 % paraformaldehyde, dehydrated, and
embedded in paraffin. Paraffin-embedded sections
(thickness 5 pm) were baked, dewaxed with xylene,
dehydrated with gradient ethanol, stained with
hematoxylin for 5 min, and stained with eosin for 2 min.
Pathological changes were observed under an optical
microscope (OLYMPUS BX41, OLYMPUS, Tokyo,
Japan).

Periodic acid-Schiff (PAS) staining

PAS staining was performed with a PAS staining
kit (Shanghai Lianmai Bioengineering Co., Ltd.,
Shanghai, China) under the manufacturer's protocol. The
kidney tissue was fixed with 4 % paraformaldehyde,
dehydrated and embedded, and 5 pum thick paraffin
sections were prepared. Paraffin sections were dewaxed
with xylene, dehydrated with gradient ethanol, and rinsed
with running water. The PAS staining was performed for
5 min and rinsed with running water. Hydrochloric acid
ethanol differentiation, water washing. Gradient ethanol
dehydration, xylene transparent, and neutral gum seals.
Pathological changes were observed under an optical
microscope (OLYMPUS BX41, OLYMPUS, Tokyo,
Japan).

Bulk RNA sequencing and data processing

To construct the cDNA library for RNA
sequencing, we used the NEBNext Ultra RNA Library
Prep Kit for Illumina (E7530L, New England Biolabs,
Ipswich, MA, USA) according to the manufacturer’s
instructions. Briefly, we extracted total RNA from the
whole kidney tissues and enriched mMRNA from total RNA
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using oligo(dT)-conjugated magnetic beads after quality
control. The fragmented mRNA was used to synthesize the
cDNA. PCR amplification procedures were used for
library construction. The cDNA library was sequenced
using a 150 bp paired-end protocol on an Illumina
NovaSeq 6000 (lllumina, San Diego, CA, USA).
Bioinformatic analysis of sequencing data was performed
using R (version 4.2.1). The sequences were mapped to the
mm10 genome using hisat2 [15], the mRNA read counts
were quantified using feature counts [16], and the gene
transfer format file used in gene annotation was
“gencode.vM23.annotation.gtf”. Differentially expressed
genes (DEGs) were identified using the DESeq2 package,
and principal component analysis (PCA) was performed
using ggord [17]. The correlation of each sample was
calculated using Spearman’s test and visualized using a
heatmap. Statistical significance was set at p <0.05.
Additional bulk RNA sequencing data of db/db kidney
cortex and control groups were downloaded from
GSE222778.

Human bulk RNA sequencing

The bulk RNA sequencing dataset for human
early-stage DKD was downloaded from GSE142025. Raw
RNA sequencing data were mapped to the genome using
hisat2 [15], and RNA read counts were quantified using
featureCounts [16]. The alignment reference genome was
hg38, and the gene transfer format file for gene annotation
was “gencode.v36.annotation.gtf” (downloaded from
GENCODE; https://www.gencodegenes.org/).

Gene set enrichment analysis (GSEA)

Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) GSEA were performed
using clusterProfiler [18]. The input genes were ordered by
fold changes that were calculated using DESeg2. All
DEGs between the DKD versus the control groups were
included. The gene SYMBOL was converted to
ENTREZID using the “bitr” function, and “gseGO” and
“gseKEGG” functions of clusterProfiler were used for
enrichment. The normalized enrichment scores (NES) and
p-values of the GSEA results were visualized using a bar
plot, and the enrichment networks were visualized using
aPEAR. The enriched GO terms for the transforming
growth factor (TGF)-B signaling pathway were analyzed
using Metascape (metascape.org/gp/index.html,
v3.5.20230501) [19]. Protein—protein interaction (PPI)
analysis was performed using STRING (https://cn.string-
db.org/, v12.0).

Immune cell deconvolution

To characterize the immune and stromal cell
compositions in early-stage DKD and control kidneys, we
deconvoluted the cell proportions in the RNA sequencing
data using mMCPcounter [20]. The RNA sequencing input
gene expression matrix was normalized to transcripts per
million. The genome version used was GCRm38. The
estimated immune and stromal proportions were
visualized using stacked bar plots. Differences in the
immune proportion between the two groups were
calculated using the Kruskal-Wallis test. The correlation
of the estimated cell proportion was calculated using
Pearson’s test.

Transcription factor (TF) activity prediction

The activity of TFs in mouse and human DKD
kidneys was predicted based on the gene expression of
regulons using NetAct [21]. The regulatory interactions
between TFs were identified according to their activity.
The TF gene regulatory network topology was filtered by
link relations based on mutual information and entropy.
The constructed gene regulatory network was simulated
using RACIPE (v1.16.0) to validate and evaluate the gene
expression dynamics in the core network [22].
2.10. scRNA-seq

To explore the expression score of Creb1-targeted
upregulated regulons, we downloaded the sScRNA-seq data
from GSE184652. This dataset contained db/db mice
housed for 18 weeks, followed by injection with
ReninAAV (2 days and 2 weeks) to mimic progressive
human DKD. The db/db mice were uninephretomized and
the db/m mice were treated with sham surgery. The
treatments included Grpl (db/m 2 days), Grp2 (db/db 2
days), Grp3a (db/db ReninAAV 2 days), and Grp3b (db/db
ReninAAV 2 weeks). We integrated the ScCRNA-seq
dataset using harmony (v0.1.1) [23]. The expression
module score of Crebl1-targeted upregulated regulons was
calculated using the “AddModuleScore” function in Seurat
(v4.3.0) [24], and the control features were set to 100. We
visualized the expression score in each cell using a violin
plot, and comparisons between the DKD and control
groups were performed using the Wilcoxon test. Statistical
significance was set at p < 0.05.

Spatial transcriptome analysis

We downloaded the ob/ob spatial RNA
sequencing dataset from GSE190094 to explore the spatial
expression patterns of the target genes. For Slide-seqV2
spatial transcriptome sequencing dataset analysis, we
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imputed the gene expression matrix of each cell using the
“RunALRA” function in SeuratWrappers (v0.3.1) to
recover the real gene expression. The gene ensembles in
the Slide-seqV2 dataset were converted into symbols for
visualization of gene expression.

Statistical analysis

SPSS 26.0 (International Business Machines,
corp., Armonk, NY, USA) was used for all statistical
analysis. Data are expressed as means + standard deviation
(SD). Differences between groups were examined for
statistical significance by t-test. Two-sided p-values were
calculated, and p < 0.05 was considered to be statistically
significant.

Body weight

db/m db/db
(16 weeks) (16 weeks)

@ 9

Control l DKD

* % %

Body weight (g)
-
T

20

60

Results

Tubule pathology of early-stage DKD in db/db mice

To explore the pathogenesis of early-stage DKD,
we performed bulk RNA sequencing and histopathological
analysis of the kidney tissues of 16-week-old db/db and
db/m mice. Multi-omics analysis integrated the bulk RNA
sequencing data of early-stage human DKD (GSE142025),
scCRNA-seq data of db/db and db/m mice (GSE184652),
and spatial RNA sequencing data of ob/ob mice
(GSE190094) (Fig. 1a). Physiological and biochemical
analyses showed a significant increase in body weight
(p=0.001), glucose levels (p=0.0008), and UACR
(p=0.006) in db/db mice compared with db/m mice (Fig.
1b-1d).

Glucose UACR

* % % * %

30+ 1 400

10—

Glucose (mmol/L)
UACR (mg/mg)
N
8
1

Bulk RNA
sequencing

0}

T T
db/m db/db

1 1
db/m dbi/db
PAS staining

T T
db/m db/db

l

Integrate
multi-omics
datasets
e e,
GSE142025 (Bulk RNA-seq of human DKD})
GSE184652 (Single cell RNA-seq of db mice)
GSE190094 (Spatial transcriptome of ob mice)

db/m (16 weeks)

H&E staining

“r

50 ym

Bioinformatics analysis
of multi-omics datasets

e e,

GSEA TF
analysis| | analysis

DEG
analysis

Immune
nfiltration

db/db (16 weeks)

Regulation
network

Spatial
distribution,

Fig. 1. Overview of study design for investigating early diabetic kidney disease (DKD). (@) The schematic of the research workflow;
(b) Body weight; (c) glucose level; and (d) urine albumin-to-creatinine ratio (UACR) of 16-week-old db/m control and db/db DKD mice;
(e) Hematoxylin and eosin (H&E; left panel) and periodic acid-Schiff (PAS; right panel) staining of the kidney of 16-week-old db/m (top

panel) and db/db (bottom panel) mice. ***p<0.001; **p<0.01.



2024

Endothelial Dysfunction Promotes the Pathogenesis of DKD 1017

H&E and PAS staining showed that vacuolar lesions and
protein casts of tubules were the major histopathological
changes in early-stage DKD mice (Fig. 1e). Collectively,
these results indicate the early-stage DKD mouse model is
successfully established, and that the tubular injury is the
major pathological lesion during early-stage DKD.

Thbsl is involved in endothelial cell dysfunction in early-
stage DKD

To elucidate the mechanism of endothelial cell
dysfunction, we performed RNA sequencing of kidney
samples from 16-week-old db/db and db/m mice. PCA
showed that the samples in the two groups were well
separated (Fig. 2a) and formed two distinct clusters
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Fig. 2. Bulk RNA sequencing of db/db DKD mouse. (a) Principal component analysis (PCA) of RNA sequencing data of the DKD and
control (Ctrl) mice (n=3); (b) Sample correlation analysis of bulk RNA sequencing data; (c) Volcano plot of differentially expressed genes

(DEGs) between the DKD mice versus control mice; (d) Heatmap of

significant DEGs; (e) Gene ontology (GO) enrichment network of

gene set enrichment analysis (GSEA) results; (f) Visualization of the endothelial cell apoptosis pathway in GSEA. The x-axis is the fold-
change ordered genes and the y-axis is the enrichment score of the endothelial cell apoptosis pathway. (g) Protein—protein interaction
(PPI) analysis of endothelial cell apoptosis pathway genes using the STRING database; (h) Box plot of Thbs1 expression in whole kidney
samples from the DKD and control groups; (i) Violin plot of Thbs1l expression in the kidney cortex of DKD and control groups in the
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(Fig. 2b), suggesting considerable alterations in the
transcriptome profile of the mice during disease
progression. In total, 687 upregulated and 781
downregulated DEGs were identified (adjusted p < 0.05)
and visualized using a volcano plot (Fig. 2c) and heatmap
(Fig. 2d). GO enrichment network GSEA (Fig. 2e) showed
that endothelial cell apoptosis was significantly activated
in early-stage DKD mice compared with healthy controls
(Fig. 2f). PPI analysis showed that Thbs1 was the central
hub gene in the network (Fig. 2g). Thbs1 was significantly
upregulated (adjusted p < 0.001) in db/db mice compared
with db/m mice (Fig. 2h). Compared with the control
group, Thbsl was significantly upregulated in the renal
cortex of mice with early-stage DKD in the GSE222778
dataset (Fig. 2i). Collectively, these results suggest that
Thbs1 contributes to endothelial cell dysfunction in early-
stage DKD through the apoptotic pathway.

Spatial distribution of Thbsl in BTBR ob/ob DKD mice
To explore the potential function of Thbsl in

endothelial cell dysfunction in early-stage DKD, we

analyzed the spatial gene expression pattern of Thbsl in

Puck_191204 22

the kidneys of 13-week-old BTBR ob/ob mice, which
mimic early-stage human DKD [25]. Specifically, we
visualized spatial cell types, including endothelial cells,
mesangial cells, podocytes, and epithelial cells in the thick
ascending limb of Henle’s loop (Fig. 3a). The spatial
expression areas of Thbsl and Pecaml (specifically
expressed in blood and vascular cells) were highly
concordant with epithelial cells present in the thick
ascending limb of Henle’s loop (Fig. 3b, c). Therefore,
Thbsl upregulation in early-stage DKD mice may
contribute to endothelial dysfunction in the thick
ascending limb of Henle’s loop area. In addition to
biological process alterations, we performed KEGG
enrichment analyses of DEGs between the early-stage
DKD and control groups. The TGF-B signaling pathway
was significantly activated (adjusted p < 0.001) in the
early-stage DKD group (Fig. 3d), which was mainly
involved in response to stimulus (Fig. 3e). Collectively,
these results indicate that Thbsl regulates endothelial cell
dysfunction through the TGF-B signaling pathway in
early-stage DKD.
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Relationship between immune infiltration and endothelial
dysfunction

To reveal the association between immune cell
infiltration and endothelial cell injury, we deconvoluted
the cell composition in both normal and early-stage DKD
kidneys (Fig. 4a). The proportion of endothelial cells was
decreased in db/db mice compared with that in db/m mice
(p=0.127, Fig. 4b), which was consistent with the observed
activation of endothelial cell apoptosis in early-stage DKD
(Fig. 2f). Compared with the levels in healthy kidneys,
there was a significant decrease in the proportions of B-
derived cells, fibroblasts, and vessel cells, and an increase
in monocytes in the kidneys of db/db mice (p < 0.05, Fig.
4b). Endothelial cells formed the inner layer of vessels,
making them crucial for maintaining function [26].
Therefore, we examined the correlations of fibroblasts, B-
derived cells, and monocytes with vessel cells. All three
cell types were significantly correlated with vessel cells (p
< 0.05, Fig. 4c—4e). These results indicate that endothelial
cell dysfunction is strongly associated with pathological

kidney lesions in early-stage DKD and that monocytes are
the major infiltrating immune cells in patients with early-
stage DKD.

TF activity and regulatory network in early-stage DKD
To investigate the gene regulatory network
involved in the pathogenesis of DKD, we characterized the
activities of TFs in early-stage DKD. Cebpb, Creb1, Pparg,
Rela, Spl, and Rxra were significantly activated in the
DKD group compared with the control group (Fig. 5a), and
Crebl was an essential gene in the TF regulatory network
(Fig. 5b). To evaluate the dynamics of the core network,
we simulated the model dynamic behavior of the
constructed network. The PCA model plot was consistent
with the diverse gene expression patterns in the DKD and
control experimental data (Fig. 5¢). Additionally, CREB1
was significantly activated in the kidneys of individuals
with early-stage DKD in comparison with the controls (p
< 0.0001, Fig. 5d), which was consistent with the findings
in the DKD mouse model. PPI analysis of Crebl-targeted
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upregulated genes showed that Jun, Fos, and Stat3 were
crucial hub genes regulated by Crebl (Fig. 5e).
Additionally, Jun, Fos, and Stat3 were significantly
upregulated in the early-stage DKD group compared with
the healthy control group (Fig. 5f-5h).

To reveal the mechanisms of Crebl-regulated
genes in DKD pathogenesis, the Crebl regulon score of
endothelial cells was determined using a publicly available
scRNA-seq dataset of db/db mice. Crebl regulon score
was significantly higher in the DKD db/db mice than in the

db/m control mice (Fig. 6a). The hub gene expression
pattern in the spatial context of ob/ob diabetic mice (Fig.
6b) showed that the spatial expression patterns of Crebl,
Jun, and Stat3 highly overlapped (Fig. 6¢—6e), indicating
that Creb1 regulated the expression and activity of Jun and
Stat3 in an autocrine manner. Moreover, the spatial
expression patterns of Crebl, Jun, and Stat3 overlapped
with that of the endothelial cell marker Emcn (Fig. 6f),
suggesting that Crebl may be involved in endothelial
dysfunction in early-stage DKD.
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(f=h) The gene expression of Jun, Fos, and Stat3 in DKD and control mice. ****p<0.0001.
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Fig. 6. Crebl regulon expression pattern within endothelial cells in both single-cell and spatial context. (@) The expression score of Creb1
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mice.
Discussion

DKD is the leading cause of end-stage renal
disease, affecting patients’ well-being and increasing the
healthcare burden worldwide. In this study, we attempted
to elucidate the underlying mechanism of endothelial cell
dysfunction in DKD using a db/db mice model. The RNA
sequencing data obtained in DKD db/db mice were
compared to publicly available human and mouse datasets.
We systematically analyzed the molecular features of the
endothelial cell apoptotic pathway in DKD db/db mice
using bulk RNA sequencing, scRNA-seq, and spatial
expression levels. Endothelial cell apoptosis was
significantly activated in early-stage DKD mice, which
was consistent with a previous finding that showed that
endothelial dysfunction is a potential contributor to DKD
pathogenesis [27]. This result indicates that endothelial
cell apoptosis may be a therapeutic target for DKD.

Thbs1 plays a central role in endothelial apoptosis
through the TGF-$ signaling pathway within the thick
ascending limb of Henle’s loop area. Generally, DM
patients have a higher THBS1 expression than healthy
individuals [28]. Moreover, the TGF- canonical pathway
upregulates THBS1 expression in gliomas [29]. Previous
studies about DKD have mainly focused on renal
glomerular malfunction. However, injury to the thick
ascending limb of Henle’s loop area has not been
previously reported. These results provide novel insights
into the pathogenesis of early-stage DKD.

Immune infiltration and inflammation are crucial

for DKD pathogenesis. Therefore, we examined the
proportions of both immune and stromal cells in the
kidneys of db/db and healthy mice. There was a decrease
in the proportions of endothelial cells and a significant
decrease in B cells, fibroblasts, and vessel cells in db/db
mice. In contrast, monocytes were increased in early-stage
DKD mice. It has been reported that macrophages are the
main contributors to DKD pathogenesis [30]. Other types
of monocytes may also play important roles in DKD
injury. Therefore, further exploration of monocyte
heterogeneity may improve the understanding of DKD
pathogenesis. Overall, there is increasing evidence to
support the contribution of immune response and
inflammation to the pathogenesis and progression of DKD
[2]. Endothelial dysfunction may lead to pathological
damage in DKD and induce immune cell infiltration,
which may accelerate DKD progression.

Crebl is activated in both mouse and human
early-stage DKD, and it is involved in endothelial cell
resistance to inflammation and apoptosis [31]. Therefore,
Crebl activation might be due to a stress response to
immune cell infiltration and inflammation, which is
consistent with the observed relationship between TGF-f
pathway activation and response to stimulus. Crebl may
be involved in the regulation of endothelial cell
dysfunction. Crucial hub genes regulated by Creb1 (Jun,
Fos, and Stat3) were significantly upregulated in early-
stage DKD. Endothelial STAT3 activation has been shown
to increase vascular leakage in human diabetic retinopathy
[32], and Jun upregulation induced endothelial cell barrier
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dysfunction in a hemorrhage shock model [33].
Collectively, these results suggest that Creb1 induces Stat3
and Jun activation, which are detrimental to endothelial
function.

A major limitation of this study is the use of a
mouse model. Although the mouse model is well-
established and useful for investigating human DKD, it is
difficult to define DKD developmental stages in terms of
time points because human diseases are complex and
heterogeneous. Therefore, further studies are necessary to
construct a systematic time axis for the DKD mouse model
to align with the progression of human DKD.

In conclusion, the endothelial cell apoptotic
pathway is activated in DKD mice, and the proportion of
endothelial cells is reduced in the DKD mice. Thbsl is
identified as the central gene involved in the endothelial
cell apoptotic process, particularly in cells in the thick
ascending limb of Henle’s loop. Crebl is activated in both
mouse and human early-stage DKD, suggesting that Crebl
activation may be involved in early kidney injury. Overall,
these results provide novel insights into the regulatory
networks in endothelial dysfunction in early-stage DKD,
and potential targets for DKD diagnosis and therapy.
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