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Abstract 

Background:  A novel and improved methodology is still required for the diagnosis of diabetic kidney disease (DKD). 
The aim of the present study was to identify novel biomarkers using extracellular vesicle (EV)-derived mRNA based on 
kidney tissue microarray data.

Methods:  Candidate genes were identified by intersecting the differentially expressed genes (DEGs) and eGFR-
correlated genes using the GEO datasets GSE30528 and GSE96804, followed by clinical parameter correlation and 
diagnostic efficacy assessment.

Results:  Fifteen intersecting genes, including 8 positively correlated genes, B3GALT2, CDH10, MIR3916, NELL1, OCLM, 
PRKAR2B, TREM1 and USP46, and 7 negatively correlated genes, AEBP1, CDH6, HSD17B2, LUM, MS4A4A, PTN and 
RASSF9, were confirmed. The expression level assessment results revealed significantly increased levels of AEBP1 in 
DKD-derived EVs compared to those in T2DM and control EVs. Correlation analysis revealed that AEBP1 levels were 
positively correlated with Cr, 24-h urine protein and serum CYC and negatively correlated with eGFR and LDL, and 
good diagnostic efficacy for DKD was also found using AEBP1 levels to differentiate DKD patients from T2DM patients 
or controls.

Conclusions:  Our results confirmed that the AEBP1 level from plasma EVs could differentiate DKD patients from 
T2DM patients and control subjects and was a good indication of the function of multiple critical clinical parameters. 
The AEBP1 level of EVs may serve as a novel and efficacious biomarker for DKD diagnosis.
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enhancer binding protein 1

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Diabetic kidney disease (DKD) is one of the most com-
mon and severe microvascular complications and is 
considered one of the most important causes of mor-
bidity and mortality in diabetes patients, accounting 
for 40% of end-stage kidney disease cases [1, 2]. With 

a high diabetes prevalence of up to 382 million world-
wide, the number of DKD patients is expected to reach 
a historic high [3]. Therefore, it is necessary to explore 
the mechanisms involved in the process of DKD devel-
opment, thereby shedding light on how to better con-
trol and prevent this kind of disease. According to 
the literature [4–6], multiple mechanisms have been 
reported to be involved in the pathophysiology of DKD, 
including inflammation, oxidative stress, mesangial 
hyperplasia and hemodynamics. However, due to the 
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invasive nature of renal biopsy [7] and overestimation 
of the effectiveness of microalbuminuria quantifica-
tion [8, 9], a novel and improved methodology is still 
required for the diagnosis of DKD.

Extracellular vesicles (EVs), including exosomes, 
microvesicles and other extracellular vesicles, can 
be secreted by multiple types of cells under normal 
and disease conditions with a specific average size of 
approximately 50–200  nm [10, 11], and recent stud-
ies have shown that EVs could play important roles in 
intercellular communication signaling via several of 
their contents, including mRNAs, noncoding RNAs 
(miRNAs and long noncoding RNA) and proteins [12, 
13]. Studies have shown that urinary EVs and blood-
derived EVs could serve as biomarkers for DKD with 
the features of noninvasiveness and easy collection 
[14–16]; therefore, which type of EV-derived content is 
the most effective for diagnosing or monitoring a dis-
ease condition is worthy of exploration. Since quanti-
tative reverse transcription polymerase chain reaction 
(RT-PCR) has been carried out for mRNA level evalu-
ation in most biolabs in current practice, we tried to 
explore possible EV-derived mRNA biomarkers using 
plasma samples.

In the present study, we performed bioinformat-
ics analysis to identify eGFR-correlated differentially 
expressed genes (DEGs) via previously published micro-
array datasets and validated the efficacy of selected genes 
in a cohort of DKD patients using plasma-derived EVs to 
provide a novel biomarker for DKD diagnosis.

Methods
Patient inclusion and clinical data collection
A total of 15 DKD patients and 10 healthy control vol-
unteers were recruited from the Department of Nephrol-
ogy, the First Affiliated Hospital of Soochow University, 
for plasma sample preparation from May 2019 to August 
2020. The National Kidney Foundation Kidney Disease 
Outcomes Quality Initiative (NKF-KDOQI) guidelines 
[17] and the Consensus for Prevention and Treatment 
of Diabetic Kidney Disease 2014 of Chinese Diabetes 
Society [18] were employed as the diagnostic criteria for 
DKD patients, and guidelines published in 2010 by the 
American Diabetes Association (ADA) were used for 
type 2 diabetes mellitus [19], whereas patients suffer-
ing from autoimmune, infectious, hematological, malig-
nant, organic or inflammatory diseases; who underwent 
renal replacement therapy; who were morbidly obese 
with body mass index [BMI] ≥ 40 kg/m2; or who had car-
diovascular diseases accompanying severe complications 
were excluded. Clinical data were collected from all the 
patients, and detailed information is shown in Table 1.

Acquisition of microarray data and related clinical data
The mRNA expression and related experimental and clin-
ical data of DKD were downloaded from Gene Expression 
Omnibus (GEO) (http://​www.​ncbi.​nlm.​nih.​gov/​geo/) 
using the search terms “diabetic kidney disease”, “dia-
betic nephropathy” and “expression profiling by array”. 
The gene expression microarray datasets GSE30528, 
GSE30529, GSE33744 and GSE96804 were selected 
and downloaded. The criteria for dataset selection were 
as follows: human clinical samples with detailed clini-
cal and gene expression information or a mouse model 
with gene expression information. Among these data-
sets, GSE96804 was used for differentially expressed gene 
(DEG) screening, and GSE30528 combined with patient 
eGFR data downloaded from https://​www.​nephr​oseq.​
org/​resou​rce/​login.​html was used for correlated gene 
screening. GSE30528, GSE30529 and GSE33744 were 
used for expression-level validation of the 15 identified 
eGFR-correlated genes at different tissue composition 
and experimental mouse model levels. Detailed informa-
tion on these microarray datasets is listed in Additional 
file 1: Table S1.

Candidate gene identification and pathway analysis
GSE96804, with 41 DKD kidney tissue samples and 20 
control samples, was used for DEG screening, and the 
downloaded CEL data were processed with the R pack-
age affy [20] for background adjustment, quantile nor-
malization, and median polish summarization, thereby 
obtaining the gene expression matrix. After perform-
ing the gene symbol annotation step using R package 
hgu133a2.db, the DEGs between DKD and control sam-
ples were identified by using R package limma [21] (ver-
sion 3.40.6) and criteria of fold change > 1.5 and adjusted 
p-values < 0.05. GSE30528, with gene expression data 
from DKD-derived kidney tissue and eGFR data, was 
used for eGFR-correlated gene screening with the Pear-
son correlation method. Moreover, a Venn diagram was 
used to determine the intersecting genes from the above 
DEGs and eGFR-correlated genes, followed by related 
expression level pattern validation using the data from 
GSE30528, GSE30529 and GSE33744. The flowchart of 
the data processing procedures is shown in Additional 
file 2: Fig. S1. In addition, the R package pheatmap [22] 
(version 1.0.12) was employed for heatmap and volcano 
map preparation for DEGs from GSE96804, whereas 
the R package clusterProfiler [23] (version 3.14.3) was 
used for Gene Ontology and KEGG pathway analy-
sis for DEGs and eGFR-correlated genes. The present 
study was approved by the Ethics Committee of the 
First Affiliated Hospital of Soochow University and 
was carried out in accordance with the  Declaration of 
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Helsinki. Written informed consent was provided by all 
the included subjects.

EVs isolation and characterization
Five milliliters of anticoagulant-treated venous blood was 
collected from the abovementioned DKD and control 
subjects for plasma isolation, and exosomes were isolated 
from whole blood with sequential centrifugation and an 
ExoQuick™ Plasma Prep and Exosome Precipitation Kit 
(Cat# EXOQ5TM-1, SBI System Biosciences, Moun-
tain View, CA, USA) according to the manufacturer’s 
instructions. Briefly, sequential centrifugation at 1200  g 

for 10 min, 3000 g for 20 min, and 10,000 g for 30 min 
was performed on the whole blood to remove the blood 
cells, dead cells and large vesicle to obtain the plasma 
supernatant, followed by mixing with ExoQuick Exosome 
Precipitation Solution at the ratio of 4:1 and sequential 
centrifugation at 1500 g for 30 min and 1500 for 5 min; 
then, the precipitated pellet containing exosomes was 
obtained and resuspended in 1 × PBS for further study. 
EV characterization was carried out using electron 
microscopy for morphology observation, dynamic light 
scattering (DLS) for particle size distribution and western 
blotting for protein marker identification. For electron 

Table 1  Clinical characteristics of the included subjects

Measurement data was expressed as mean ± standard deviation (SD) or median and interquartile range according to normal distribution statue, categorial data was 
expressed as number and percentages

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, T2DM type II diabetes mellitus, HbA1c glycated hemoglobin, MDRD The Modification 
of Diet in Renal Disease, CKD-EPI The Chronic Kidney Disease Epidemiology Collaboration, TC total cholesterol, TG triglycerides, HDL high density lipoprotein, LDL low-
density lipoprotein cholesterol, BUN blood urea nitrogen, RBP retinol-binding protein, CYC​ cystatin-C, WBC White Blood Cell

Clinical parameters Control (n = 10) T2DM (n = 15) DKD (n = 15) P-value

Age (yrs) 47.10 ± 9.27 48.00 ± 10.95 60.13 ± 11.76 0.0048

Gender (female, %) 3 (30.00%) 4(26.67%) 2 (13.33%) 0.5585

BMI 23.75 ± 3.54 26.33 ± 5.77 24.80 ± 2.16 0.3081

SBP (mmHg) 127.10 ± 16.96 123.07 ± 10.07 155.50 ± 20.18  < 0.0001

DBP (mmHg) 82.50 (78.75–85.50) 81.00 (76.00–85.00) 85.00 (81.00–90.00) 0.4273

T2DM duration (yrs) – 2(0.25–8) 10 (10–20)  < 0.0001

HbA1c (%) – 10.32 ± 2.24 7.34 ± 1.26  < 0.0001

eGFR (MDRD, ml/min/1.73m2) 133.95 ± 32.80 143.73 ± 30.72 18.59 ± 12.64  < 0.0001

eGFR (CKD-EPI, ml/min/1.73m2) 107.19 ± 16.53 116.34 ± 13.32 18.05 ± 12.87  < 0.0001

BUN (mmol/L) 4.75 ± 1.10 5.20 ± 1.89 19.17 ± 10.53  < 0.0001

Creatinine (µmol/L) 57.83 ± 11.96 55.70 ± 11.48 465.72 ± 342.07  < 0.0001

TC (mmol/L) 4.71 ± 0.87 4.72 ± 0.83 4.85 ± 1.82 0.9483

TG (mmol) 0.85(0.54–2.34) 1.77(1.57–3.02) 1.49 (1.27–2.95) 0.0791

LDL (mmol/L) – 2.62 ± 0.84 2.55 ± 1.33 0.8668

HDL (mmol/L) – 0.93 ± 0.27 0.91 ± 0.17 0.8344

24-h urine protein (g/d) – – 6.92 ± 3.10 –

Urine protein to creatinine ratio – 0.06 ± 0.04 4.87 ± 2.03  < 0.0001

Albumin (g/L) 43.47 ± 1.81 40.42 ± 3.10 30.37 ± 6.26  < 0.0001

Albumin/creatinine ratio (mg/g) 3.44 (0.22–6.49) – 2692.30 (1251.19–4346.50)  < 0.0001

Urine β2MG (mg/L) 0.21 (0.04–0.27) – 20.83 (12.07–31.28)  < 0.0001

Urine RBP (mg/L) 0.15 (0.01–0.42) – 13.40 (7.80–18.54)  < 0.0001

Urine CYC (mg/L) 0.01 (0.01–0.11) – 1.58 (0.82–2.21)  < 0.0001

Serum CYC (mg/L) – 0.78 ± 0.07 3.64 ± 1.71  < 0.0001

Hemoglobin (g/L) 137.20 ± 8.64 141.47 ± 13.63 94.40 ± 17.76  < 0.0001

WBC (109/L) 6.15 ± 1.06 6.23 ± 1.04 6.10 ± 1.87 0.9712

Monocytes (109/L) 0.43 ± 0.07 0.45 ± 0.13 0.51 ± 0.28 0.5720

Lymphocytes (109/L) 2.11 ± 0.59 2.12 ± 0.47 1.45 ± 1.20 0.0685

Neutrophils (109/L) 3.45 ± 0.98 3.50 ± 1.03 4.12 ± 1.45 0.2756

hsCRP (mg/L) – 1.51(1.13–2.88) 1.92(0.61–3.18) 0.9907
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microscopy, exosomes resuspended in 2 µg/ml PBS were 
fixed with 2% paraformaldehyde (PFA) at a ratio of 1:1 
and loaded onto transmission electron microscopy grids 
until dry, followed by 1% glutaraldehyde fixation, puri-
fied water washing and 1%  phosphotungstic acid  (PTA) 
staining. The samples were observed using a Tecnai G2 
Spirit BioTwin transmission electron microscope (FEI 
company, Hillsboro, OR, USA). For DLS, exosomes 
resuspended in 2 µg/ml PBS were diluted with PBS at a 
ratio of 1:1000 and then subjected to NanoSight LM10 
(Malvern Panalytical, UK) for analysis. For western blot-
ting, exosomes and exosome-depleted supernatant (EDS; 
negative control) from DKD patients and control subjects 
were processed for analysis. Forty-five micrograms of 
exosomes and the same volume of EDS were loaded for 
SDS-PAGE, followed by PVDF membrane transfer, non-
fat milk blocking, primary and secondary antibody incu-
bation, and chemiluminescence exposure. The primary 
antibodies for Flotillin-1 and GM130 were obtained from 
Cell Signaling Technology (Cat. no: 74220), and anti-
CD63 was obtained from Abcam (Cat. no: ab252919).

EV‑derived RNA extraction and evaluation of gene 
expression levels
RNA extraction from EVs was performed using TRIzol™ 
Reagent (Thermo Fisher, CA, USA) according to the 
manufacturer’s instructions. After RNA quantification 
and qualification by a NanoDrop 2000 (Thermo Fisher, 
CA, USA), reverse transcription and quantitative PCR 
were carried out using a RevertAid RT Reverse Tran-
scription Kit (Thermo Fisher, CA, USA) and SYBR Green 
qPCR Mix (Beyotime, Nantong, China), respectively, to 
evaluate the expression level of AEBP1. The expression 
of GAPDH was selected as the internal control according 
to previous publications [24, 25]. The primer sequences 
were as follows: AEBP1: Forward: 5’-ACC​CAC​ACT​GGA​
CTA​CAA​TGA-3’, Reverse: 5’-GTT​GGG​GAT​CAC​GTA​
ACC​ATC-3’; GAPDH: Forward: 5’-GCA​AAT​TCC​ATG​
GCA​CCG​T-3’, Reverse: 5’-TCG​CCC​CAC​TTG​ATT​TTG​
G-3’.

Statistical analysis
Statistical analysis was carried out using R version 3.6.0. 
Measurement data are expressed as the mean ± stand-
ard deviation (SD), and categorical data are expressed 
as numbers and percentages. One-way ANOVA and 
Kruskal–Wallis H tests for parametric and nonparamet-
ric continuous variables were used to compare three 
groups, while unpaired t tests and Mann–Whitney U 
tests for parametric and nonparametric continuous vari-
ables were used for 2-group comparisons. Correlation 

analysis between the clinical parameters and AEBP1 
expression level was performed using Pearson correla-
tion. The diagnostic efficacy was calculated by receiver 
operator characteristic (ROC) curves and area under 
the curve (AUC) (survivalROC and ROCR R packages). 
Unless specifically mentioned,  P < 0.05 was considered 
statistically significant.

Results
Identification of candidate genes and pathway analysis
To identify candidate genes for further analysis in EVs, we 
first obtained DEGs from the GSE96804 dataset and con-
structed volcano plot (Fig.  1A), heatmap (Fig.  1B), GO 
pathway (Fig. 1C-E) and KEGG pathway (Fig. 1F) figures. 
A total of 577 DEGs were identified, including 251 upreg-
ulated genes and 326 downregulated genes. GO pathway 
analysis revealed small-molecule catabolic processes, 
leukocyte migration, cellular amino acid metabolic pro-
cess as the top 3 biological processes (BPs) (Fig.  1C); 
collagen-containing extracellular matrix, apical part of 
cell and apical plasma membrane as the top 3 cellular 
components (CCs) (Fig.  1D); and extracellular matrix 
structural constituent, anion transmembrane transporter 
activity and organic anion transmembrane transporter 
activity as the top 3 molecular functions (MFs) (Fig. 1E). 
Protein digestion and absorption, drug metabolism-
cytochrome p450, and the PPAR signaling pathway were 
the top 3 KEGG pathways (Fig.  1F). eGFR-correlated 
genes (577 genes, including 370 positively correlated and 
207 negatively correlated) were also calculated using the 
GSE30528 dataset and patient eGFR data, and the results 
are shown in Fig. 2A. Moreover, GO pathway analysis of 
the top 10 BPs, CCs and MFs (Fig. 2B-D) and the top 10 
KEGG pathways (Fig. 2E) was also performed. Then, the 
15 intersecting genes from eGFR-correlated genes and 
DEGs were confirmed (Fig.  3A), including 8 positively 
correlated genes, B3GALT2, CDH10, MIR3916, NELL1, 
OCLM, PRKAR2B, TREM1 and USP46, and 7 nega-
tively correlated genes, AEBP1, CDH6, HSD17B2, LUM, 
MS4A4A, PTN and RASSF9. Moreover, the correlations 
between these 15 genes and eGFR were also explored 
(Fig. 3B, Table 2 and Additional file 1: Table S2).

Identification of the expression pattern of 15 intersecting 
genes
We further evaluated the expression pattern of 15 
intersecting genes in 3 microarray datasets, GSE30528, 
GSE30529 and GSE33744. The up- and downregulated 
trends of the 15 intersecting genes in human DKD and 
control glomeruli samples from GSE30528, human 
DKD and control tubule samples from GSE30529, glo-
meruli samples from diabetic BKS db/db mice from 
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GSE33744, glomeruli samples from diabetic DBA-STZ 
mice from GSE33744 and glomeruli samples from dia-
betic BKS db/db eNOS −/− mice from GSE33744 are 
shown in Fig.  4A–E and Table  3. Because of the con-
sistent expression pattern of AEBP1 in 4 of the above 

human and mouse kidney-derived tissues, it was 
selected for further analysis. Moreover, considering fil-
tration between blood and glomeruli in renal physiol-
ogy, it is reasonable to use plasma-derived samples.

Fig. 1  Differentially expressed genes (DEGs) screening and pathway analysis using microarray data from GSE96804. A Volcano plot showed 
up- and down-regulated DEGs. B Heatmap indicated up-(red) and down(green)-regulated DEGs stratified by control subjects (orange) and diabetic 
kidney disease (DKD) patients (blue). C–E GO pathway analysis using DEGs and figures about biological process (BP), cellular components (CC) and 
molecular function (MF) were respectively exhibited. F KEGG pathway analysis using DEGs
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Characterization of EVs from DKD and T2DM patients 
and controls and evaluation of the expression level 
of AEBP1
According to the electron microscopy (Fig.  5A), DLS 
(Fig.  5B) and western blotting results (Fig.  5C), we 
obtained round morphology exosomes with a mean 

size of 107  nm in control subjects, 128  nm in T2DM 
patients and 90  nm in DKD patients with positive 
expression of CD9, CD63 and CD81 and negative 
expression of GM130 and ApoB, which is consistent 
with previous reports [10, 11]. We further evaluated 
the expression levels of AEBP1 using exosome RNA 

Fig. 2  eGFR correlated genes screening and pathway analysis using microarray data from GSE30528. A Pearson correlation was performed to 
obtain the eGFR correlated genes. B–D GO pathway analysis using eGFR correlated genes and figures about biological process (BP), cellular 
components (CC) and molecular function (MF) were respectively exhibited. E KEGG pathway analysis using eGFR correlated genes
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from DKD and control subjects, and significant AEBP1 
expression was found in DKD patients compared to 
T2DM patients (p = 0.023, Fig. 5D) or control subjects 
(p = 0.0009, Fig.  5D). These results suggested the pos-
sible involvement of AEBP1 in the disease process of 
DKD.

Correlation between the expression level of EV‑derived 
AEBP1 and clinical indexes of DKD and exploration 
of the diagnostic efficacy of AEBP1
Since we observed the possible involvement of AEBP1 
in the disease process of DKD, we evaluated the correla-
tion between the expression level of EV-derived AEBP1 

Fig. 3  Venn diagram of the intersected genes and their correlation analysis with eGFR data. A A total of 15 intersected genes were found via taking 
intersection of DEGs from GSE96804 and eGFR correlated genes from GSE30528. B Correlation analysis between these 15 intersected genes and 
eGFR was performed, and 8 positive (B3GALT2, CDH10, MIR3916, NELL1, OCLM, PRKAR2B, TREM1, USP46) and 7 negative (AEBP1, CDH6, HSD17B2, 
LUM, MS4A4A, PTN, RASSF9) correlated genes was identified
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and clinical parameters of DKD. The results showed that 
the expression level of EV-derived AEBP1 was positively 
correlated with Cr, 24-h urine protein and serum CYC 
and negatively correlated with eGFR and LDL (Fig.  6) 
but not age, BMI, SBP, DBP, HbA1c (%), BUN, TC, TGs, 
HDL, plasma creatinine, albumin, albumin/creatinine 
ratio, urine β2MG, urine RBP, urine CYC, hemoglobin, 
WBC, monocytes, lymphocytes or neutrophils (Table  4 
and Additional file  3: Figure S2). Moreover, a trend of 
correlation could be found between AEBP1 level and 
hsCRP (r = 0.474, p = 0.074) (Table  4 and Additional 
file 3: Figure S2). Furthermore, we had to point out that 
although a significant difference in age and SBP could be 
found between control and DKD patients, no correlation 
of these 2 indexes with the AEBP1 level could be found 
(Additional file 4: Figure S3). In addition, good diagnos-
tic efficacy for DKD was also found using the expression 
level of exosome-derived AEBP1, with an AUC of 0.880 
and p < 0.001 for differentiating healthy controls and an 
AUC of 0.742 and p = 0.009 for differentiating T2DM 
according to the ROC curve (Fig.  7). The optimal cut-
off value for AEBP1 mRNA level was 0.511 (specificity: 
0.800, sensitivity: 0.867) and 0.403 (specificity: 0.533, sen-
sitivity: 0.867) for control vs. DKD and T2DM vs. DKD, 
respectively.

Discussion
EVs, secreted by almost all cell types, are nanoscale 
lipid bilayer spherical shapes containing various recep-
tors, proteins, genetic materials (DNA, mRNA and 
miRNAs, etc.) with intercellular communication abili-
ties that are made possible by three major mechanisms: 

receptor-ligand interactions, direct plasma membrane 
fusion and endocytosis [26, 27]. With the deep recog-
nition of EVs, they have been discovered in multiple 
biological fluids, including blood, urine, saliva and cer-
ebrospinal fluid, and because these sample types are 
common in clinical practice, the employment of EVs in 
disease diagnosis and assessment is reasonable [16, 28]. 
Eissa et  al. reported the employment of urinary EV-
derived miR-15b, miR-34a, miR-636, miR-133b, miR-342 
and miR-30a as biomarkers in type 2 DN patients [29, 
30]. Zubiri et al. suggested the use of urinary bikunin pre-
cursor and histone-lysine N-methylthransferase (KHMT) 
as biomarkers for DKD patients [31], whereas Rossi et al. 
[32] found that urinary EV-derived AQP2 and AQP5 
could be used as biomarkers for DKD patients. Since the 
use of a single miRNA could only exhibit limited accuracy 
and specificity as a disease biomarker and the detection 
of enzyme activity, such as KHMT, is relatively expen-
sive, the possible detection of specific EV-derived mRNA 
molecules could be a better choice. Furthermore, the vas-
cular property of glomeruli and the adequate number of 
EVs derived in blood make it reasonable to explore pos-
sible novel biomarkers in plasma-derived exosomes.

In the present study, based on the shared microarray 
datasets in GEO and the available patient eGFR from 
Nephroseq v5, we first identified eGFR-correlated DEGs 
from human glomeruli samples, verified these genes in 
multiple human and mouse models, and then identified 
AEBP1 as a novel and effective candidate gene for further 
experiments. Due to the easy collection of blood samples 
without renal biopsy and the maturity of the methodol-
ogy of EV isolation, we checked the expression of AEBP1 
using EV-derived RNA, and the results showed a signifi-
cant increase in AEBP1 expression in DKD patients com-
pared to that in control subjects. Moreover, we found 
that AEBP1 levels were negatively correlated with eGFR 
and LDL and positively correlated with Cr, 24-h urine 
protein, and serum CYC. In addition, good diagnos-
tic efficacy could be achieved using EV-derived AEBP1 
levels with an AUC of 0.880. This is the first report of 
EV-derived AEBP1 levels as a novel biomarker for DKD 
diagnosis.

The advantages of plasma vesicle mRNA markers are as 
follows: Since the changes in renal pathology occur ear-
lier than reflected by the existing indexes, such as eGFR 
and urinary albumin, the plasma vesicle mRNA could 
be an early marker of pathology. Urinary samples could 
be affected by multiple factors, including drinking water, 
food consumption and urinary tract infection. Plasma-
derived EVs are stable and adequate and could reflect 
versatile cell type derivates.

Table 2  Correlation coefficient and gene function of 15 
intersected genes

Gene names R value P value

AEBP1 − 0.68 0.042

B3GALT2 0.83 0.0047

CDH10 0.67 0.046

CDH6 − 0.73 0.025

HSD17B2 − 0.74 0.021

LUM − 0.69 0.041

MIR3916 0.67 0.047

MS4A4A − 0.91 0.00079

NELL1 0.80 0.0092

OCLM 0.73 0.023

PRKAR2B 0.72 0.028

PTN − 0.84 0.0043

RASSF9 − 0.67 0.049

TREM1 0.77 0.014

USP46 0.68 0.046
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Fig. 4  Expression pattern of the 15 intersected genes in different microarray datasets. A DKD and control glomeruli samples from GSE30528, B 
DKD and control tubuli samples from GSE30529, C Glomeruli samples from Diabetic BKS db/db mice from GSE33744, D Glomeruli samples from 
Diabetic DBA-STZ mice from GSE33744. E Glomeruli samples from Diabetic BKS db/db eNOS −/− mice from GSE33744. ns: not significant, *p < 0.05, 
**p < 0.01, ***p < 0.001



Page 10 of 15Tao et al. J Transl Med          (2021) 19:326 

Adipocyte enhancer binding protein 1 (AEBP1) was 
first found in adipocytes and has been reported to be 
involved in multiple biological processes, including 
cell differentiation [33], adipogenesis [34], cholesterol 
homeostasis and inflammation [35]. In the correlation 
analysis, we found a correlation between AEBP1 and 
LDL levels and a trend of correlation between AEBP1 
levels and hsCRP in DKD patients, which is consist-
ent with the above-stated role of AEBP1 in choles-
terol homeostasis and inflammation [35]. Moreover, 
AEBP1 was reported to be expressed in macrophages 
with inflammatory-enhancing effects [35, 36]. How-
ever, we did not find a correlation between AEBP1 
levels and WBCs, monocytes, lymphocytes or neutro-
phils, which further strengthens the role of AEBP1 in 
inflammatory cell differentiation but not in cell num-
ber increase. Furthermore, AEBP1 is also considered 
to be involved in multiple disease and pathological 
processes, and increased levels of AEBP1 accompany-
ing several signal pathway dysfunctions (such as NF-κB 
[37], Hedgehog [38], etc.) could be found in liver fibro-
sis [39], Alzheimer’s disease [40], breast epithelial cell 
hyperproliferation [38], abdominal aortic aneurysm 
[37] and colorectal cancers [41]. In addition, AEBP1 
mutation could also result in hereditary connective 
tissue diseases [42]. Here, we detected AEBP1 mRNA 
in plasma-derived exosomal RNA and confirmed its 
upregulated pattern in DKD patients. According to 
previous studies, upregulated AEBP1 could be regu-
lated by the transcription factor CREB and the PI3K/
Akt pathway in melanoma cells [43], and activation of 
the PI3K/Akt signaling cascade could be found in dia-
betic patient-derived peripheral blood mononuclear 
cells (PBMCs) [44]. Therefore, these PBMCs could be 
the possible origin of the AEBP1-containing exosomes. 
In addition, considering the inflammatory state of the 
kidney and the expression of AEBP1 in glomerular 

tissues, upregulation of AEBP1 levels in plasma could 
also result from kidney-derived cells, which is consist-
ent with the microarray results showing upregulation of 
AEBP1 levels in glomerular tissues.

In addition to AEBP1, we also found 14 other eGFR-
correlated genes here, most of which lack functional 
studies with only microarray information. According to 
previous studies, B3GALT2 was previously shown to be 
downregulated in a mouse model of diabetic nephropa-
thy [45], and CDH6 was upregulated in renal fibrosis 
mice [46]. Upregulated HSD17B2 and LUM were found 
in diabetic db/db mice [47] and human-derived kid-
ney tissues, respectively [48]. NELL1 is a target antigen 
in malignancy-associated membranous nephropathy 
[49]. PTN triggers inflammation and increases perito-
neal permeability, leading to peritoneal fibrosis [50]. 
TREM-1 plays an important role in high-glucose-
induced macrophage phenotypic transformation dur-
ing the progression of DKD [51], whereas no report 
has been found on the CDH10, MIR3916, MS4A4A, 
OCLM, RASSF9 or USP46 genes in DKD.

There are several limitations in present study. First, 
the relatively small number of DKD patients could result 
in bias in the results on the diagnostic efficacy and dif-
ference comparison between the patients and normal 
subjects. Second, the difficulties that were faced in the 
recruitment of diabetes patients in our department could 
result in an inability to determine the AEBP1 level in 
these patients. Third, due to the lack of basic cell or ani-
mal models, the detailed mechanisms by which exosomes 
with high AEBP1 expression are involved in the disease 
process of DKD have not been fully explored. Therefore, 
further study with a larger number and more complete 
types of patients could be helpful for testing the results 
obtained here. In addition, a mechanistic study of AEBP1 
might also be performed to elucidate its possible role in 
DKD.

Table 3  Significantly up and down-regulated genes in different microarray datasets among the 15 intersected genes

Microarray set no. Sample type Up Down

GSE30528 Human DKD and control glomeruli samples AEBP1, CDH6, LUM, MS4A4A B3GALT2, CDH10, NELL1, PRKAR2B, USP46

GSE30529 Human DKD and control tubuli samples AEBP1, CDH6, LUM, MS4A4A, PRKAR2B B3GALT2, CDH10, NELL1, OCLM

GSE33744 Glomeruli samples from Diabetic BKS db/db 
mice

AEBP1, B3GALT2, NELL1, PRKAR2B HSD17B2

GSE33744 Glomeruli samples from Diabetic DBA-STZ 
mice

AEBP1 HSD17B2

GSE33744 Glomeruli samples from Diabetic BKS db/db 
eNOS −/− mice

HSD17B2, PTN, RASSF9, USP46
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Fig. 5  Characterization of extracellular vesicle (EV) from DKD patients, T2DM patients and control subjects and evaluation of the expression level 
of AEBP1. A Representative electronic microscope photograph of EVs from control (with arrow head) subject, T2DM patient (black stained) and 
DKD patient (black stained). B Dynamic light scattering (DLS) results for exosome particles distribution from control subject, T2DM patient and DKD 
patient. C Western-blotting results for exosome marker evaluation in control, T2DM and DKD derived exosomes, whereas PBS as negative control. D 
Significantly increased level of AEBP1 mRNA could be found in DKD patient derived exosome compared to T2DM patient and control subjects
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Fig. 6  Correlation analysis between the expression level of extracellular vesicle (EV) derived AEBP1 and the clinical parameters in DKD patients. 
Significant correlation could be found the expression level of AEBP1 and 24-h urine protein, Creatinine (Cr), serum cystatin-C (CYC), eGFR (MDRD), 
eGFR (CKD-EPI) and LDL

Fig. 7  Receiver operator characteristic (ROC) curve evaluation of the diagnostic accuracy of AEBP1 in differentiation of DKD patients, T2DM patients 
and healthy controls. A DKD and healthy controls, Area under curve (AUC) = 0.880, p < 0.001. B DKD and T2DM, Area under curve (AUC) = 0.742, 
p = 0.009
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Conclusions
In conclusion, our results demonstrated that plasma 
EV-derived AEBP1 levels are capable of differentiat-
ing DKD patients from healthy controls and also exhib-
ited good functions for indicating multiple critical 

clinical parameters. The plasma EV-derived AEBP1 level 
may serve as a novel and effective biomarker for DKD 
diagnosis.
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