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Background: The pathology of diabetic nephropathy (DN) broadly involves the injury of glomeruli, 
tubulointerstitium and endothelium. Cells from these compartments can release increased numbers of 
microvesicles (MVs) into urine when stressed or damaged. Currently whether urinary MVs from these three 
parts can help diagnose DN and reflect pathological features remain unclear.
Methods: Forty-nine patients with histologically proven DN and 29 proteinuric controls with membranous 
nephropathy or minimal change disease were enrolled. Urinary podocyte, proximal tubular and endothelial 
cell-derived MVs were quantified by flow cytometry. Renal glomerular, tubulointerstitial and vascular lesions 
were semi-quantitatively scored and their relevance to urinary MVs were analyzed.
Results: DN patients had greater numbers of urinary MVs from podocytes, proximal tubular and 
endothelial cells compared with proteinuric controls. The combination of podocyte nephrin+ MVs and 
diabetic retinopathy optimally diagnose DN with 89.7% specificity and 88.9% sensitivity. Moreover, positive 
correlations were observed between urinary levels of proximal tubular MVs and the severity of tubular injury 
and between urinary levels of endothelial MVs and the degree of vascular injury. Using urinary proximal 
tubular MVs as the indicators for tubular injury, the differences between DN patients and proteinuric 
controls diminished after matching the degree of renal vascular injury or when proteinuria >8 g/24 h.
Conclusions: Urinary kidney-specific cell-derived MVs might serve as noninvasive biomarkers for the 
diagnosis of DN in diabetic proteinuric patients. Their elevated levels could reflect corresponding renal 
pathological lesions, helping physicians look into the heterogeneity of DN.
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Introduction

Diabetic nephropathy (DN) constitutes a large proportion 
of patients with chronic kidney disease (CKD) and 
contributes greatly to end stage renal disease (ESRD) 
(1,2). Diagnosis of DN depends on kidney biopsy (3), and 
the pathology involves all compartments of the kidney 
including progressive podocyte injury (4), extensive 
endothelial impairment (5) and prominent tubulointerstitial 
abnormalities (6). With the continuous growth of diabetes 
epidemic, an increasing number of cases of diabetic 
kidney disease are seen (2). However, the renal pathology 
and underlying pathogenesis vary considerably, which 
impedes prompt and appropriate treatment. The aspects 
related to DN diagnosis are complicated which makes 
the diagnosis rather difficult in some cases. According to 
published studies, among diabetic patients who had kidney 
diseases and underwent renal biopsy 34.5–72.7% presented 
non-DN kidney injuries (7-11), of which membranous 
nephropathy (MN) was most frequently seen (24.1–32.2%) 
followed by minimal change disease (MCD, 6.9–16.7%) 
(9-11). The high prevalence of non-diabetic renal disease 
in different centers indicates a strong need for noninvasive 
biomarkers to discriminate between these DN and non-
DN disease conditions. Second, DN per se is heterogenous 
and histologically manifested as various pathological 
presentations. Noninvasive biomarkers reflecting kidney 
pathology could provide insights into DN progression 
individually. 

Renal cells release substantial heterogeneous extracellular 
vesicles carrying cell-specific proteins into urine. Microvesicles 
(MVs) are medium size extracellular vesicles (0.1–1 μm) 
formed by directly outward blebbing. The release of MVs 
is markedly increased when cells are stressed or injured 
(12,13). Recently, studies have focused on urinary podocyte 
MVs and observed the increased levels in various kidney 
diseases affecting podocytes, such as type 1 diabetes with 
normoalbuminuria (14), renovascular hypertension (15) and 
preeclampsia (16). In addition, urinary endothelial MVs were 
elevated in hypertensive patients and negatively correlated 
with cortical perfusion (17). However, whether urinary MVs 
could help with differential diagnosis of renal diseases has not 
been investigated. By a cross-sectional study of 78 Chinese 
patients with biopsy-proven DN or proteinuric controls 
with MN or MCD, our study aimed to check the diagnostic 
value of urinary kidney MVs for DN and investigate their 
pathological relevance. We present the following article in 
accordance with the STARD reporting checklist (available at 

http://dx.doi.org/10.21037/atm-20-441).

Methods

Patients

The research was in compliance of the Declaration of 
Helsinki (as revised in 2013), and approved by the Committee 
on Research Ethics of Peking University First Hospital 
(NO. 20171280). All participants gave written informed 
consent. Patients with native renal biopsy-proven DN from 
August 1, 2017, to August 31, 2018 in our department 
were consecutively enrolled (Figure 1). DN was diagnosed 
according to Tervaert’s glomerular classification (3). The 
enrollment criteria included (I) consent to the study and (II) 
valid urine samples for MV analysis. Patients with concurrent 
primary or secondary proliferative glomerulonephritis, 
urinary tract infection or malignancy were excluded. 
Altogether, 49 cases of DN met the study entry criteria. 
Twenty-nine age-, sex- and proteinuria-matched patients with 
MN or MCD during the same study period were enrolled as 
proteinuric controls. Fourteen age- and sex-matched healthy 
volunteers were included as healthy controls.

Renal pathology evaluation

The standard processing of kidney biopsy specimens included 
light microscopy and electron microscopy. Two pathologists 
made the diagnosis and semiquantitative scores separately 
without knowledge of patients’ clinical information.

In glomerular lesions, classification of DN was based 
on the criteria of Tervaert et al. (3). Microaneurysms, 
mesangiolysis and Kimmelstiel-Wilson nodules were 
recorded as being present or not. Mesangial expansion 
was semi-quantitatively scored as follows: 0 for absent, 1 
for <25%, 2 for 25–50% and 3 for >50% of the observed 
mesangium areas. Glomerular sclerosis and ischemic 
sclerosis were expressed as percentages.

Evaluation of renal tubulointerstitial lesions included 
tubular injury, interstitial inflammation, tubular atrophy 
and interstitial fibrosis. Tubular injury was scored as the 
sum of the presence of following lesions with a maximum 
score of 6 points: hyaline droplet change, vacuolar change, 
loss of brush border, interstitial edema and epithelial cell 
sloughing (x2). Interstitial inflammation, tubular atrophy 
and interstitial fibrosis were scored semi-quantitatively 
as follows: 0 for absent, 1 for <25%, 2 for 25–50%, 3 for 
50–75% and 4 for >75% of total tubulointerstitial areas. 
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The chronic tubulointerstitial injury score was the sum of 
the scores for tubular atrophy and interstitial fibrosis with a 
maximum score of 8 points.

The vascular score was defined as the sum of the scores 
for arteriolar hyalinosis and arteriosclerosis with a maximum 
score of 3 points. Arteriolar hyalinosis was designated as 
being present (score 1) or not. Arteriosclerosis was scored 
according to the most severely affected artery in the biopsy: 
0 for absence of intimal thickening, 1 for intimal thickening 
with a thickness less than that of the media and 2 for intimal 
thickening with a thickness greater than that of the media.

Urine sample collection

First-morning urine samples were prospectively collected. 
For patients who underwent biopsy, urine samples were 
collected four days post-renal biopsy after excluding 
hemorrhage complications. The urine samples were 
centrifuged at 2,500 ×g for 10 minutes at 20 ℃ to remove 
cells and large debris. Proteases inhibitors were not added. 
The supernatants were stored at −80 ℃ until assay. 

Flow cytometry analysis of urinary MVs

MVs in cell-free urine were directly characterized and 
enumerated by flow cytometry according to the previously 

validated method (16,18,19). Frozen urine samples were 
thawed in a 37 ℃ water bath for 5 minutes. An initial 20 μL 
volume was diluted in 80 μL phosphate buffer saline (PBS) 
and incubated with 3 μL annexin-V FITC for concentration 
check. The volume of urine in the subsequent experiment 
was then determined for yielding at least 1,000 annexin-V 
positive urinary MVs and an event rate between 1,000 and 
3,000 events/s.

Diluted urine samples of 100 μL each were then stained 
for annexin-V and cell-specific markers. FITC-conjugated 
annexin-V (3:100; Becton, Dickinson and Company) was 
used as a MV marker. PE-conjugated anti-podocin antibody 
(1:200, Bioss) and PE-Cy7-conjugated anti-nephrin 
antibody (1:200, Bioss) were used to identify podocyte 
origin. PE-conjugated anti-megalin antibody (1:200, Bioss) 
and APC-conjugated anti-AQP1 (1:200, Bioss) antibody 
were used to identify proximal tubular cell origin. PE-
conjugated anti-CD144 antibody (3:100, BioLegend) and 
APC-conjugated anti-CD31 antibody (3:100, BioLegend) 
were used to identify endothelial cell origin. After 
incubation for 30 minutes in the dark, each sample was 
diluted with annexin-V binding buffer to a final volume of 
1 mL prior to flow cytometry. MVs diluted in annexin-V 
binding buffer lacking calcium or containing PE, PE-Cy7 
and APC-conjugated immunoglobulin G (IgG) control 
antibodies were considered negative controls. All reagents 

DN by native kidney biopsy from 2017.8 to 2018.8 (n=76) 

Patients refused to leave urine samples for 
research (n=8) 

Superimposed on lgAN (n=11) 
Superimposed on secondary GN (n=8) 

MN or MCD as 
proteinuric controls 

(n=29)

DN enrolled 
(n=49)

DN alone
(n=42)

DN + MN
(n=7)

DM + MN/MCD
(n=10)

MN
(n=7)

MN
(n=12)

MCD
(n=3)

MCD
(n=7)

DM

MN/MCD
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Figure 1 Flow chart of the patients enrolled in the study. DM, diabetes mellitus; DN, diabetic nephropathy; MN, membranous 
nephropathy; MCD, minimal change disease; IgAN, IgA nephropathy; GN, glomerulonephropathy.
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were filtered through a 0.22 μm size filter (Millipore) twice.
A flow cytometer CytoFLEX (Beckman Coulter) was 

used to analyze urinary MVs. Size gates were established 
using standard Megamix beads of 0.16, 0.2, 0.24, 0.3, 0.5, 
0.9 and 3 μm (Diagnostica Stago). MVs were defined as 
events of 0.2–1 μm in diameter and positive for annexin-V 
or cell-specific markers (18,19). MVs were quantified by 
CytoFLEX automatically (20). The value of urinary MVs 
was expressed as the absolute number per μL of urine and 
per μmol of urinary creatinine. 

Transmission electron microscopy

Pooled cell-free urine samples of 100 mL were centrifuged 
at 20,000 ×g (Rotor JA25.50, Beckman Coulter’s Avanti 
J High-speed Centrifuge) for 20 minutes at 25 ℃ to get 
MV-enriched pellet, where apoptotic bodies and exosomes 
could be coprecipitated. The resulting pellet was fixed 
overnight in 2.5% glutaraldehyde at room temperature, 
washed three times with PBS, postfixed in 2% OsO4 at 
4 ℃ for 2 h and then washed twice with double distilled 
water. After dehydrated in graded acetone, the pellets were 
embedded in resin-812. Sections of 70 nm were prepared 
on copper grids and visualized on a JEM-100CX TEM 
microscope (JEOL).

Statistical analysis

SPSS 22.0 (IBM Corporation, New York) were used. 
Quantitative variables were expressed as the mean ± SD 
or median with interquartile range (IQR, for data without 
a normal distribution). Differences between groups were 
analyzed using a t-test or Mann-Whitney U test with a 
Bonferroni posttest as appropriate. Categorical data were 
interpreted in the form of constituent ratios and were 
compared by the chi-square test. Correlations among the 
MV populations and pathological features were analyzed 
using Spearman correlation coefficient. For multivariate 
analysis, we used principal component analysis (PCA) to 
concentrate information, logistic regression and ordinal 
regression to uncover independent risk factors for DN 
and pathological features. Results were expressed as odds 
ratios (OR) with 95% confidence intervals (CI). The 
diagnostic performance was assessed by receiver operating 
characteristic (ROC) curves. Four DN patients without 
fundus photography for diabetic retinopathy were excluded 
for the related ROC curve analysis. Two-tailed P values 
<0.05 were considered statistically significant.

Results

Demographic and clinical features of patients in different 
groups

As shown in Figure 1, altogether 78 patients were enrolled 
including 42 with DN alone, 7 with DN superimposed 
on MN (DN + MN) and 29 proteinuric controls with 
MN or MCD, among whom 10 were diabetic (DM+MN/
MCD) and the other 19 were nondiabetic (MN/MCD). 
The patients with DN alone were younger (45.9±11.1 
vs. 58.6±9.4, P=0.016) and more likely to have diabetic 
retinopathy (75% vs. 30%, P=0.021) compared to those in 
the DM+MN/MCD group, while no significant difference 
was detected in the length of diabetic history or blood 
glucose control between the two groups (Table 1). Among 
all groups, the patients with DN alone had the highest 
levels of systolic blood pressure, serum creatinine and 
serum albumin. There was no difference in the levels 
of proteinuria, urinary NAG, urinary α1-microglobulin 
or hematuria among the four groups, while urinary α1-
microglobulin was found to be significantly higher in the 
total DN patients compared with the total proteinuric 
controls [23.8 (15.8, 69.5) vs. 47.3 (19.1, 111.0), P=0.049].

Urinary MV levels in patients and healthy subjects

The morphology and size of structurally intact vesicles were 
checked by transmission electron microscopy (Figure 2A).  
Annexin-V+ MVs were increased in all the patient groups 
(Figure 2B-D). The MV counts normalized to urine 
creatinine (MVs/U-Cr) had the ability to discern proteinuric 
patients rather than analyzed as a concentration (MVs/μL) 
(Figure 2E). Although annexin-V+ MVs had the ability to 
identify proteinuric patients (area under the curve, AUC 
0.775, 95% CI: 0.626–0.923, P=0.001, specificity 78.6%, 
sensitivity 80.8%), it was not sufficient to discriminate the 
patients with various etiologies, i.e., between DN patients 
and proteinuric controls (Figure 2F).

Urinary kidney MVs discriminate DN from proteinuric 
controls

PCA analysis demonstrated that the comprehensive urinary 
MV feature divided patients into two groups, having 
DN and not (Figure 3A,B). And there was no significant 
difference in urinary levels of podocyte, proximal tubular 
and endothelial cell-derived MVs between the DN alone 
group and the DN + MN group or between MN/MCD 
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Table 1 Demographic and clinical characteristics of patients in different groups

DN (n=49) Proteinuric controls (MN/MCD, n=29) P

DN alone (n=42) DN + MN (n=7) DM + MN/MCD (n=10) MN/MCD (n=19)

Age, years 45.9±11.1 53.9±9.8 58.6±9.4* 46.9±14.1 0.013

Male, n (%) 33 (78.6) 5 (71.4) 6 (60.0) 14 (73.7) 0.680

BMI, kg/m2 25.2±4.4 25.7±0.7 24.9±2.2 24.3±2.8 0.754

Diabetes duration, years 10.5±6.3 7.3±7.0 7.9±6.6 - 0.300

HbA1c, % 7.8±1.9 6.8±1.2 7.6±1.5 - 0.568

Diabetic retinopathy, n/n (%) 30/40 (75.0) 2/5 (40.0) 3/10 (30.0)* - 0.016

Hypertension, n (%) 35 (83.3) 4 (57.1) 7 (70.0) 7 (36.8)* 0.004

Systolic BP, mmHg 144.0±21.4 125.9±10.3 125.4±12.0* 127.8±15.0* 0.001

Diastolic BP, mmHg 85.7±12.7 82.0±7.9 81.2±9.1 77.2±12.1 0.082

Serum creatinine, μmol/L 128.5 (95.9–296.9) 88.6 (78.3–120.7) 77.6 (62.9–92.4)* 75.8 (62.0–95.9)* <0.001

Serum albumin, g/L 32.1±6.3 23.6±2.3* 26.0±7.8* 23.7±5.9* <0.001

Urine protein, g/24 h 5.7±3.7 8.8±4.5 4.7±3.4 6.6±5.1 0.203

Hematuria, n (%) 23(54.8) 5(71.4) 2 (20.0) 9(47.4) 0.150

Urinary NAG, U/L 39.5 (21.3–55.8) 37.0 (20.0–61.8) 37.0 (22.5–66.0) 59.0 (33.5–124.5) 0.697

Urinary α1-MG, mg/L 47.3 (17.8–115.8) 45.5 (21.2–69.4) 21.1 (8.2–43.9) 25.0 (17.9–79.9) 0.248

Data are presented as n (%), or mean ± SD or median (interquartile range). P values were estimated using ANOVA followed by Student’s 
t test, or Mann-Whitney rank sum test or chi-square test wherever applicable with Bonferroni correction. P values listed in the table are 
ANOVA comparing four groups and P<0.05 are shown in bold. P>0.05 indicates that there is no statistical significance among four groups. *, 
P<0.05 compared to DN. BMI, body mass index; BP, blood pressure; DN, diabetic nephropathy; DM, diabetic mellitus; MN, membranous 
nephropathy; MCD, minimal change disease. Normal range: HbA1c, Glycated hemoglobin: 4.0–6.0%; serum albumin: 40–55 g/L; serum 
creatinine: 44–133 μmol/L; urine protein: 0–0.15 g/24 h; urinary NAG, urinary N-acetyl-b-D-glucosaminidase: 0–21 U/L; urinary α1-MG, 
urinary α1-microglobulin: 0–12 mg/L. 

patients with diabetes and those without (Table S1). 
We then explored the ability of urinary kidney MVs to 
discriminate between these two groups.

DN patients had higher urinary levels of MVs from 
podocytes, proximal tubular and endothelial cells compared 
with proteinuric controls (Table 2). Multivariate logistic 
analysis showed that podocyte nephrin+ MVs could 
independently discriminate DN patients from proteinuric 
controls with an AUC of 0.815 (95% CI: 0.713–0.911, 
P<0.001, Table 3, Figure 3C). Furthermore, combining 
nephrin+ MVs and diabetic retinopathy increased the AUC 
to 0.899 (95% CI: 0.821–0.977, P<0.001) with 89.7% 
specificity and 88.9% sensitivity (Figure 3C, Table S2).

Association of urinary kidney MVs with pathological 
features in DN

Forty-nine DN patients were pathologically grouped into 

Class-I (n=4), Class-II (n=12), Class-III (n=29) and Class-
IV (n=4), which mainly reflect the severity of DN featured 
glomerular lesions (Table S3). There was no significant 
difference in the amounts of urinary kidney MVs among 
the DN classes (not shown). The comprehensive urinary 
MV feature could hardly distinguish the DN patients 
with different pathological classifications (Figure 3D). 
Urinary podocyte MVs were not correlated with any of the 
glomerular lesions evaluated in DN patients (Figure 3E, 
Table S4). 

Tubulointerstitial and vascular injury were prevalent in 
our DN patients. Their tubular injury score demonstrated 
positive relationships with urinary levels of tubular and 
endothelial MVs (Figure 3E, Table S4). Multivariant 
analysis showed that endothelial CD31+ MVs (OR 3.9, 
95% CI: 1.3–11.3, P=0.013) could independently reflect the 
severity of tubular injury. Plus, the vascular score of DN 
patients positively correlated with tubular and endothelial 

https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
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Figure 2 Detection of urinary MVs. (A) Transmission electron micrographs of heterogenous extracellular vesicles fractions from the urine 
of a DN patient. The arrow indicates an exosome, the arrowhead indicates a MV, the X symbol indicates an apoptotic body and the asterisk 
indicates a migrasome. (B) Gates for MVs were determined by Megamix beads (left) first and applied in urine samples (right) on FSC/VSSC 
channel. (C) On FITC/VSSC channel, annexin-V+ MVs were identified, which is seen as a rightward shift. (D) The number of urinary 
annexin-V+ MVs in healthy subjects and patients. (E-F) ROC curves of annexin-V+ MVs to discriminate patients from healthy controls (E), 
and DN from patients (F). The corresponding AUCs for indicated biomarkers are also displayed in each panel. MVs, microvesicles; DN, 
diabetic nephropathy; DM, diabetic mellitus; MN, membranous nephropathy; MCD, minimal change disease; FSC, forward scatter; VSSC, 
violet side scatter; U-Cr, urinary creatinine; ROC, receiver operating characteristic; AUC, area under the curve.
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Figure 3 Diagnostic value of urinary kidney MVs and their association with pathological features. (A) Representative traces from flow 
cytometry analysis of podocyte, proximal tubular and endothelial MVs. The isotype control was shown as APC-conjugated IgG versus PE-
conjugated IgG. (B) PCA analysis showed that urinary MVs separated DN and proteinuric controls. (C) ROC curves of nephrin+ MVs, DR 
and their combination to discriminate patients from healthy controls. (D) PCA analysis showed that urinary MVs could hardly discriminate 
DN patients with different pathological classifications. (E) Correlations between the urinary MV populations and pathological features. 
Edge width reflects the value of Spearman’s correlation (range: 0.306–0.442, P<0.05). MVs, microvesicles; DN, diabetic nephropathy; 
AQP1, aquaporin 1; DM, diabetic mellitus; MN, membranous nephropathy; MCD, minimal change disease; ROC, Receiver-operating 
characteristic; AUC, area under the curve. PCA, principle component analysis.
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Table 2 Comparisons of urinary microvesicles between diabetic nephropathy and proteinuric controls

DN (n=49) Proteinuric controls (n=29) P

Podocyte MVs

Nephrin+ 134.6 (35.7–778.8) 31.0 (13.2–62.7) <0.001

Podocin+ 221.4 (70.7–786.9) 73.2 (24.8–155.6) <0.001

Nephrin+ podocin+ 41.8 (8.7–328.3) 11.3 (3.0–20.8) <0.001

Proximal tubular MVs

AQP1+ 234.1 (111.1–962.6) 82.9 (41.1–240.7) 0.005

Megalin+ 192.6 (78.0–654.1) 74.1 (28.0–204.1) 0.004

AQP1+ megalin+ 41.4 (5.2–167.1) 6.5 (1.2–42.6) 0.008

Endothelial MVs

CD31+ 49.9 (18.8–314.3) 21.3 (13.4–100.8) 0.155

CD144+ 371.3 (133.2–2422.1) 131 (41.3–607.9) 0.011

CD31+ CD144+ 23.2 (5.9–88.0) 14.3 (3.5–56.7) 0.165

MV levels are presented as median (interquartile range) 103/μmol urinary creatinine. P values listed in the table are DN versus proteinuric 
controls and P<0.05 are shown in bold. DN, diabetic nephropathy; AQP1, Aquaporin 1; MVs, microvesicles. 

Table 3 Multivariant binary logistic analysis for urinary microvesicles predicting diabetic nephropathy

Univariant Multivariant

OR 95% CI P OR 95% CI P

Podocyte MVs

lg(nephrin+) 6.0 2.3–16.0 <0.001 134.5 2.7–6801.3 0.014

lg(podocin+) 5.1 1.9–13.7 0.001 3.0 0.1–103.4 0.544

lg(nephrin+ podocin+) 3.6 1.7–7.8 0.001 0.02 0.001–1.3 0.068

Proximal tubular MVs

lg(AQP1+) 3.0 1.3–6.8 0.009 0.5 0.1–4.4 0.547

lg(megalin+) 2.9 1.3–6.3 0.007 1.0 0.2–5.5 0.979

lg(AQP1+ megalin+) 2.2 1.2–4.0 0.011 1.5 0.3–6.9 0.620

Endothelial MVs

lg(CD31+) 1.8 0.8–3.9 0.158

lg(CD144+) 2.4 1.2–4.7 0.016 1.2 0.3–4.5 0.808

lg(CD31+ CD144+) 1.7 0.8–3.6 0.167

P values <0.05 are shown in bold. DN, diabetic nephropathy; AQP1, aquaporin 1; MVs, microvesicles; lg, log10; CI, confidence interval; 
OR, odds ratio.
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MVs, where the level of endothelial CD144+ MVs (OR 3.1, 
95% CI: 1.2–8.4, P=0.025) was the independent risk factor 
for vascular injury (Table S5). There was no association 
between urinary MVs and the degree of interstitial 
inflammation or chronic tubulointerstitial injury in DN 
(Figure 3E, Table S4).

Significance of vascular injury in urinary tubular MV 
release in DN

As urine protein, interstitial inflammation and hypoxia 
induced by vascular injury are well-known insults 
contributing to tubular injury, we checked their effects on 
tubular MV release in our patients. In proteinuric controls, 
all the tubular MV populations were associated with the 
level of urinary protein excretion, indicating a potential 
causal effect of proteinuria on tubular MV production. To a 
lesser extent, urinary levels of the tubular MV populations 
correlated with the interstitial inflammation score, followed 
by the vascular score (Table 4, Table S6).

By contrast, in DN, urinary levels of the tubular MV 
populations were not associated with proteinuria or 
interstitial inflammation but rather positively associated 
with the vascular score (Table S6, Figure 3E). Significantly 
elevated tubular MVs were already detected in the DN 
patients with mild to moderate proteinuria (<8.0 g/24 h) 
or interstitial inflammation (score =1) compared with the 
matched proteinuric controls (Table 4). Notably, these 
DN patients exhibited severer vascular injury than the 
proteinuric controls (Table S7). And after matching the 
vascular score of 1 or 2, the differences in urinary tubular 
MV levels diminished between DN patients and proteinuric 
controls.

Discussion

Approximately one-fifth of patients with diabetes develop 
DN, and a significant proportion of these patients 
eventually progress to ESRD (21,22). With the high 
prevalence of diabetes and increasing complexity of 
kidney abnormalities in DN, it has become increasingly 
difficult to identify DN clinically (23). As DN, unlike other 
glomerulonephropathy, profoundly involves all components 
of the renal cortex (24), we explored the pathological 
relevance of urinary kidney-specific cell-derived MVs and 
found that podocyte MVs together with diabetic retinopathy 
could effectively discriminate DN from other types of 
proteinuric glomerulonephropathy. The model might be 

useful for physicians to make clinical decisions, for example, 
performing a kidney biopsy in a diabetic proteinuric 
patient to further confirm glomerulonephropathy or even 
considering immunosuppressive treatment when kidney 
biopsy is not applicable.

Previous studies showed that urinary podocyte MVs 
increased in advance of microalbuminuria, suggesting 
the use of podocyte MVs for identifying diabetic 
individuals at risk of developing podocytopathy (14,25). 
However, in our DN patients, urinary podocyte MVs 
were not relevant to any glomerular features. As these 
patients already exhibited apparent proteinuria and well-
established DN histological abnormalities, we assume 
that podocyte MV release had been increased to high 
levels at the early stage of DN and remained afterwards. 
Therefore, urinary podocyte MVs could serve as a 
sensitive marker for detection of DN but might not be 
able to assess glomerular damage in advanced DN.

DN patients have advanced tubular injury which could 
occur very early and associates with renal survival in DN 
(26,27). The related pathogenesis may be, at least partly, 
independent of glomerular damage (6,28,29). In the 
current study, using urinary proximal tubular MVs as the 
indicators for tubular injury, we attempted to figure out 
the main culprit for tubular injury in DN. In proteinuric 
controls, tubular MV levels correlated primarily with the 
level of proteinuria, followed by the degree of interstitial 
inflammation and vascular injury. This support the fact 
that proteinuria is nephrotoxic to tubules (30,31), while 
interstitial inflammation and vascular ischemic insults 
could be synergistic factors. By contrast, in DN, tubular 
MVs associated with neither proteinuria nor interstitial 
inflammation. In fact, tubular MV levels were already 
significantly higher in DN patients than in proteinuric 
controls when proteinuria was at an asymptomatic level 
(<4 g/24 h) (31) or interstitial inflammation was low-grade 
(<25%), indicating a culprit other than these two. Notably, 
tubular MV levels correlated with the severity of renal 
vascular injury. After matching the degree of vascular injury, 
differences in tubular MV levels between DN patients 
and proteinuric controls diminished. These data highlight 
the importance of insults secondary to vascular injury 
contributing to tubular injury in DN.

Extensive endothelial injury is a distinct feature of 
DN (5), which involves both glomerular capillaries and 
vessels in the kidney (32-34). The vascular score in our 
study refers to arteriolar hyalinosis and arteriosclerosis, 
representing a constant local ischemic and hypoxic state. 

https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-20-441-supplementary.pdf
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Vascular injury was markedly severer in DN patients than 
in proteinuric controls, even when urine protein and 
interstitial inflammation were low-grade, suggesting that 
vascular injury occurs early and progresses profoundly in 
DN patients. During the past decade, substantial researches 
explored the mechanistic role of endothelial impairment 
in the progression of DN (5,35). Recently, striking 
improvement has been achieved in treating patients with a 
selective endothelin A receptor, which provides an effective 
therapeutic choice in DN patients at risk of ESRD (36). Our 
study found that urinary levels of endothelial MVs not only 
independently reflected vascular injury but also correlated 
with the degree of glomerular mesangial expansion and 
tubular injury. Thus, using urinary endothelial MVs as 
biomarkers for evaluating renal vascular involvement might 
help identify the subgroup of DN patients who would 
benefit from endothelial targeting therapies.

The main strength of the study is that it is based on a cohort 
of biopsy-proven DN and other glomerulonephropathy, 
which help accurate evaluation of the diagnostic ability 
and enabled direct comparisons of various MV populations 
with pathological features. Our study has limitations. 
First, although the sample size was sufficient for statistical 
analysis, it was relatively small and the diagnostic value of 
the urinary MVs should be carefully interpreted and needs 
to be reproduced in larger sample sizes and different ethnic 
groups, and the test should be validated by regulatory 
organizations for further development. Second, selection 
bias largely originated from diabetic patients prescribed 
kidney biopsy. DN patients in our study had proteinuria. As 
a fraction of diabetic patients had declined renal function 
before proteinuria (37), whether our results were applicable 
to these patients should be further tested. Third, age and 
blood pressure could be possible confounders as there were 
differences among various subgroups as shown in Table 1. But 
hypertension is also a presentation of vascular malfunction. 
Finally, due to the cross-sectional study design, we were not 
able to investigate whether urinary MVs could predict renal 
outcomes in DN.

In summary, our study demonstrated that urinary kidney 
MVs might serve as noninvasive biomarkers for DN. Their 
elevated levels reflected the severity of pathological lesions, 
and a model combining podocyte and diabetic retinopathy 
could help identify DN.
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