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Introduction: Minimal change disease (MCD) is considered a podocyte disorder triggered by unknown

circulating factors. Here, we hypothesized that the endothelial cell (EC) is also involved in MCD.

Methods: We studied 45 children with idiopathic nephrotic syndrome (44 had steroid sensitive nephrotic

syndrome [SSNS], and 12 had biopsy-proven MCD), 21 adults with MCD, and 38 healthy controls (30

children, 8 adults). In circulation, we measured products of endothelial glycocalyx (EG) degradation

(syndecan-1, heparan sulfate [HS] fragments), HS proteoglycan cleaving enzymes (matrix

metalloprotease-2 [MMP-2], heparanase activity), and markers of endothelial activation (von Willebrand

factor [vWF], thrombomodulin) by enzyme-linked immunosorbent assay (ELISA) and mass spectrometry.

In human kidney tissue, we assessed glomerular EC (GEnC) activation by immunofluorescence of

caveolin-1 (n ¼ 11 MCD, n ¼ 5 controls). In vitro, we cultured immortalized human GEnC with sera from

control subjects and patients with MCD/SSNS sera in relapse (n ¼ 5 per group) and performed Western

blotting of thrombomodulin of cell lysates as surrogate marker of endothelial activation.

Results: In circulation, median concentrations of all endothelial markers were higher in patients with active

disease compared with controls and remained high in some patients during remission. In the MCD

glomerulus, caveolin-1 expression was higher, in an endothelial-specific pattern, compared with controls.

In cultured human GEnC, sera from children with MCD/SSNS in relapse increased thrombomodulin

expression compared with control sera.

Conclusion: Our data show that alterations involving the systemic and glomerular endothelium are nearly

universal in patients with MCD and SSNS, and that GEnC can be directly activated by circulating factors

present in the MCD/SSNS sera during relapse.
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MCD
is the most common type of nephrotic
syndrome in children, and it is consid-

ered a podocyte disorder.1,2 The absence of infiltrating
cells and immune complexes in the glomerulus has also
suggested that MCD might be mediated by the direct
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CLINICAL RESEARCH C Bauer et al.: Endothelial Alterations in Minimal Change Disease
injury of the podocyte by some circulating factor.3,4

Hence, research efforts have focused on the study of
immune cells and podocytes. However, the pathogen-
esis of the disease remains poorly understood.

Although podocytes have a critical role in preventing
plasma proteins from crossing into the urinary space,5

other components of the glomerular filtration barrier,
the endothelium with its glycocalyx and the glomerular
basement membrane, are also necessary to maintain
glomerular filtration barrier integrity.6,7 The possibility
that endothelium may also be sustaining injury in MCD
has not been rigorously investigated, unlike in other
conditions associated with proteinuria.6,8,9 However,
injury to the endothelium and the EG can be subtle and
may be missed with standard microscopy techniques.
Recently, Royal et al.10 identified morphologic changes
involving GEnCs in some patients with MCD. Further-
more, scattered reports showed endothelial dysfunction
in MCD, but these observations have been generally
underappreciated.11,12

Accordingly, in this study, we integrated endothe-
lial biomarkers in human biosamples by different
methods (ELISA, mass spectrometry, and immunoflu-
orescence) and cell culture studies to test the hypoth-
esis that MCD involves injury to the systemic and
glomerular endothelium.

METHODS

Definitions

We used standard definitions for SSNS, steroid resistant
nephrotic syndrome, MCD, and disease activity.13

Relapse was defined as the presence of proteinuria (uri-
nary protein-to-creatinine ratio >2.0 mg/mg or 3þ or
greater by urine dipstick or>3.5 g of protein per day for
the adult population) along with edema. Complete
remissionwas defined as negative or trace proteinuria by
dipstick or urinary protein-to-creatinine ratio <0.2 mg/
mg.1,13 A total of 5 patients with urinary protein-to-
creatinine ratio >0.2 or 1þ protein by dipstick were
considered in remission based on previous and subse-
quent clinical course determined by the primary pedi-
atric nephrologist. Likewise, 1 patient with urinary
protein-to-creatinine ratio <2 was considered in
relapse based on subsequent clinical course.

Participants

The study was performed according to the Declaration
of Helsinki and was approved by the Colorado Multiple
Institutional Review Board (#13-2700 and #16-1752)
and respective collaborative institutions: Rocky
Mountain Kidney Center (Denver, CO) (Rocky Moun-
tain Kidney Center #13-2700), Hospital Universitario
Central de Asturias (Oviedo, Spain) (Hospital Uni-
versitario Central de Asturias #221/19), Hospital Niño
798
Jesus (Madrid, Spain) (Hospital Niño Jesus #R-0011/
20), and Hospital Vall d’Hebron (Barcelona, Spain)
(Hospital Vall d’Hebron #ID-RTF065). Written
informed consents and assents, if appropriate, were
obtained from participants and parents/guardian.

Pediatric Population

The participants were 44 children with SSNS and 1
with steroid resistant nephrotic syndrome (24 males, 21
females). Twelve patients had biopsy-proven MCD. On
immunofluorescence of kidney tissue, 1 patient had
mesangial IgA deposits, and another had IgM deposi-
tion, but both presented clinically as MCD. We
included children with SSNS because a kidney biopsy
is not routinely performed in these patients, but SSNS
is usually associated with MCD.1 A total of 10 children
were studied at onset of disease, 28 during relapse and
26 during remission. A total of 9 patients were studied
during relapse and remission. Patients were recruited
at 4 different institutions: Children’s Hospital Colorado
(Aurora, CO), Rocky Mountain Kidney Center, Hospital
Universitario Central de Asturias, and Hospital Niño
Jesus. Samples from children without history of
glomerular disease (except for 1 patient with remote
history of postinfectious glomerulonephritis) served as
control (n ¼ 30, 19 females, 11 males) and were
collected at the Children’s Hospital Colorado and Hos-
pital Niño Jesus (n ¼ 21) and acquired from Precision
for Medicine (n ¼ 9) (precisionformedicine.org).

Adult Population

We included 21 adults with biopsy-proven MCD dur-
ing relapse (14 females, 8 males). Patients were
recruited at the Hospital Vall d’Hebron. A total of 8
adults (6 males, 2 females) without known history of
kidney or glomerular disorders served as controls, and
samples were obtained from Precision for Medicine.

Blood Measurements

Blood samples were processed using standard protocols,
and serum and plasma were stored at �80 �C until used
for testing. Because of constrains on patients’ samples,
the number of measurements per group varied among
targets as reflected in each figure. All measurements were
performed in serum samples, except for syndecan-1 and
MMP-2 quantification in some control subjects in whom
only plasma was available (12 of 16 samples and 13 of 15
samples were plasma, respectively). Because we had
paired serum and plasma samples from some patients and
controls, we compared syndecan-1 and MMP-2 levels
and found no statistical differences between paired
serum and plasma concentrations (Supplementary
Figure S1A and B, respectively). Measurements of
circulating levels of endothelial markers were performed
at the University of Colorado using the following
Kidney International Reports (2022) 7, 797–809
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Table 1. Demographic characteristics of children with idiopathic nephrotic syndrome during remission
ID Age (yr) Sex/race Histology Pattern S Alb (g/dl) Dipstick/UPC (mg/mg) S Cr (mg/dl) Treatment

1 11 F/W MCD SDNS NA NEG NA STD, FK

2 13 M/W MCD SSNS NA NEG NA U

3 8 F/Ua NO SDNS NA NEG NA FK

4 7 M/W NO SSNS NA NEG NA STD

5 7 F/Ua NO SDNS NA NEG NA FK

6 7 F/W NO SDNS NA TRA NA STD, MMF

7 8 F/W NO SDNS NA TRA NA STD

8 12 M/W NO SSNS NA NEG NA STD

9 3 M/W NO SSNS NA NEG NA STD

10 3 M/Ua NO NA NA NEG NA U

11 4 F/W NO NA NA NEG NA U

12 6 M/Wa NO SSNS NA NEG NA STD

13 11 M/W MCD SDNS 4.3 0.09 0.5 STD, FK

14 9 F/W MCD SDNS 4.3 0.03 0.5 STD, FK, RTX

15 17 F/W NO SDNS 3.4 0.04 0.6 FK

16 10 M/W NO SDNS 4.1 0.11 0.3 MMF

17 10 M/W U SRNS 4.2 0.3 0.6 FK

18 9 M/W MCD SDNS 4 0.23 0.5 STD, MMF

19 6 M/W NO SSNS 2.2 0.15 0.3 STD

20 12 M/W NO SSNS 2.2 0.48 0.4 STD

21 7 F/W NO SDNS 4.1 0.09 0.3 STD

22 18 M/W NO SDNS 3.5 0.4 0.7 STD

23 2 F/W NO SSNS 2 þ 0.1 STD

24 9 M/W NO SSNS NA NEG NA STD

25 15 F/W NO SDNS 3.9 NEG 0.5 NONE

26 10 F/W NO SDNS 4.1 NEG 0.5 CSA

Mean � SD 9 � 4 14M/12F 5MCD 3.5 � 0.8 0.1 � 0.1 0.4 � 0.1

þ, protein detected by urine dipstick; Alb, albumin; B, Black; Cr, creatinine; CSA, cyclosporine A; F, female; FK, tacrolimus; ID, identification; M, male; MCD, minimal change disease;
MMF, mycophenolate mofetil; NA, not available; NEG, negative, ONSET, new onset nephrotic syndrome; RTX, rituximab; S, serum; SDNS, steroid dependent nephrotic syndrome; SRNS,
steroid resistant nephrotic syndrome; SSNS, steroid sensitive nephrotic syndrome; STD, steroids; TRA, trace; U, unknown; UPC, urine protein-to-creatinine ratio; W, White.
aHispanic.
Patients with idiopathic nephrotic syndrome during remission. Available quantitative data were expressed as mean � SD.
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commercially available ELISA kits: syndecan-1 (Abcam,
Cambridge, United Kingdom, catalog [cat] #ab46506,
dilution 1:8), heparan degrading enzyme (Takara, Shiga,
Japan, cat #MK412, dilution 1:50), MMP-2 (R&D Sys-
tems, Minneapolis, MN, cat #MMP200, dilution 1:20),
thrombomodulin (Abcam, cat #ab46508, dilution 1:5),
vWF (Assaypro, Saint Charles, MO, cat #EV2030-1,
dilution 1:1000). All samples were run in duplicate.
Quantification of circulating HS fragments was per-
formed by mass spectrometry as previously described.14

Immunofluorescence of Human Kidney Tissue

Sections

De-identified paraffin-embedded human kidney sam-
ples from adults with MCD in relapse (n ¼ 11) and
adults without history of glomerular disease (n ¼ 5)
were obtained from the Histology Subspecialties Lab-
oratory at the University of Colorado (Dr. Lucia) and
from Hospital Vall d’Hebron (Dr. Segarra). The average
number of glomeruli (mean � SD) in kidney tissue
samples was 10 � 5 and 14 � 7 for MCD and controls,
respectively. Tissues samples were deparaffinized and
rehydrated according to the standard protocols. Slides
were then immersed in 0.1% Sudan Black in 70%
Kidney International Reports (2022) 7, 797–809
ethanol for 20 minutes at room temperature to reduce
autofluorescence. After 3 washes with tris-buffered
saline (TBST), antigen retrieval was performed with
citrate buffer at 96 �C for 45 minutes. Once slides were
completely cooled, they were washed for 10 minutes in
0.1 M glycine/TBST and then permeabilized with 0.1%
Triton X-100 for 10 minutes. This was followed by 3
TBST washes. Slides were then placed in 10 mg/ml
sodium borohydride/Hanks balanced salt solution in
ice cold for 40 minutes. After 2 TBST washes, slides
were blocked with a solution 1:1 of superblock and 5%
bovine serum albumin in TBST for 1 hour followed by
overnight incubation with rabbit anticaveolin 1 (Cell
Signaling Technology, Danvers, MA, cat #3267, dilu-
tion 1:400) and with lectin rhodamine (Vector Labora-
tories, Burlingame, CA, ulex europaeus agglutinin I,
RL-1062-2, dilution 1:1000). This was followed by 3
TBST washes and incubation with the goat antirabbit
antibody (dilution 1:400) for 2 hours at room temper-
ature. For the negative control group, the primary
antibody was substituted by TBST to assess auto-
fluorescence and nonspecific interactions. Slides were
then washed and mounted with Prolong Gold antifade
mounting medium (Invitrogen, Waltham, MA). Images
799



Table 2. Demographic characteristics of children with idiopathic nephrotic syndrome at disease onset or during relapse
ID Age (yr) Sex/race Histology Pattern S Alb (g/dl) Dipstick/UPC (mg/mg) S Cr (mg/dl) Treatment

27 6 M/W NO SDNS NA þþþþ NA NONE

1 11 F/W MCD SDNS NA þþþþ NA STD, FK

28 7 F/W MCD SDNS NA þþþþ NA STD, FK

3 8 F/Ua NO SDNS NA þþ NA FK

4 7 M/W NO SSNS NA þþþþ NA STD

29 9 F/W NO SSNS NA þþþþ NA NA

7 8 F/W NO SDNS NA þþþþ NA STD

8 12 M/W NO SSNS NA þþþþ NA STD

9 3 M/W NO ONSET NA þþþþ NA STD

30 4 M/W NO U NA þþþþ NA U

11 4 F/W NO U NA þþþþ NA U

31 4 F/B NO ONSET NA þþþþ NA STD

32 5 M/W MCD SDNS 1.8 þþþþ NA STD

33 16 F/A NO ONSET 1.8 þþþþ NA NONE

34 5 M/W MCD SSNS 3.1 6.2 NA NONE

35 10 F/W MCD SSNS 1.4 12.6 NA U

36 7 M/Wa NO SSNS 3.2 1.7 NA STD

37 3 M/W NO ONSET 1.9 þþþ 0.2 NONE

38 5 M/W NO ONSET 1.6 þþþþ 0.3 NONE

39 2 M/W NO ONSET 1.6 þþþþ 0.2 NONE

40 4 F/W MCD/IgM SRNS 3.1 6.7 0.1 STD, FK

19 6 M/W NO ONSET 1.8 3.4 0.2 STD

20 12 M/W NO ONSET 2 6.5 0.4 NONE

41 8 M/W NO SDNS 1.9 þþþþ 0.4 STD, FK

42 3 F/W NO ONSET 2.3 24.3 0.2 NONE

43 5 M/W MCD/IgA SSNS 3.2 8.6 0.3 NONE

44 6 F/W MCD SDNS 2 12.9 0.4 STD, FK

45 3 F/W NO ONSET 2.6 11.7 0.2 NONE

Mean � SD 6.5 � 3.3 15M/13F 8MCD 2.2 � 0.6 9.4 � 6.4 0.2 � 0.1

þ, protein detected by urine dipstick; Alb, albumin; B, Black; Cr, creatinine; F, female; FK, tacrolimus; ID, identification; M, male; MCD, minimal change disease; NA, not available; NEG,
negative; ONSET, new onset nephrotic syndrome; S, serum; SDNS, steroid dependent nephrotic syndrome; SRNS, steroid resistant nephrotic syndrome; SSNS, steroid sensitive
nephrotic syndrome; STD, steroids; U, unknown; UPC, urine protein-to-creatinine ratio; W, White.
aHispanic.
Patients with idiopathic nephrotic syndrome during disease onset/relapse. Available quantitative data were expressed as mean � SD.
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were captured using Keyence BZ-X810 fluorescence
microscope (Keyence Corporation of America, Itasca,
IL).

Cell Cultures and Western Blotting

Human immortalized GEnC (hiGEnC) were kindly
donated by Dr. Satchell (University of Bristol, United
Kingdom). hiGEnC were cultured in EGM2 media
with the EGM2-MV Bulletkit (Lonza, Basel,
Switzerland, CC-3202) and were grown at 33 �C until
reaching 80% confluence. Then, cells were trans-
ferred to 37 �C for 7 to 14 days until reaching dif-
ferentiation. Fully differentiated hiGEnC were treated
with 10% unpooled serum samples from children
with MCD/SSNS in relapse (n ¼ 1/n ¼ 4 respectively)
and control subjects (n ¼ 5). Sera were added to fetal
bovine serum–free media. After 24 hours, media
containing huma sera were removed, and cultured
cells were thoroughly rinsed with 5 PBS washes, and
fresh media were added back to the cultures for 24
hours. The hiGEnC cultures were scraped and pro-
teins collected using a mixture of mammalian protein
800
extraction reagent (Thermo Fischer Scientific, Wal-
tham, MA), protease inhibitor (Roche, Basel,
Switzerland), and phosphatase inhibitor (Roche).
Protein quantification was performed using a Brad-
ford assay (Bio-Rad, Hercules, CA). Sample proteins
were separated on 4% to 12% SDS polyacrylamide
gels and transferred to Immobilon-FL polyvinylidene
fluoride membranes (Merck MilliporeSigma Ltd.,
Burlington, MA). The membranes were blocked using
Super Block (Thermo Fischer Scientific) for 1 hour at
room temperature and incubated with primary anti-
bodies diluted in Super Block overnight at 4 �C. The
membranes were washed with TBST [10 mM Tris-
hydrochloric acid (pH 7.4), 140 mM sodium chlo-
ride] containing 0.1% TBST and incubated with
Horseradish peroxidase –bound secondary antibodies
at room temperature for 1 hour. The bound proteins
were visualized using Clarity ECL (Bio-Rad). The
primary antibodies used for the blots were rabbit
antithrombomodulin (Abcam, cat #109189, dilution
1:2000) and rabbit anti–glyceraldehyde 3-phosphate
dehydrogenase (Cell Signaling Technology, cat
Kidney International Reports (2022) 7, 797–809
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#2118, dilution 1:7000). The secondary antibody was
goat antirabbit- Horseradish peroxidase (Cell
Signaling Technology, cat #7074, dilution 1:6000).

Glomerular Transcriptome

We searched for endothelial-specific markers of cell
activation in the open-source database Nephroseq.org
(The Regents of The University of Michigan, Ann Ar-
bor, MI). We obtained glomerular expression data (Ju
CKD Glom cohort) for thrombomodulin and NOS3 from
patients with MCD in relapse and healthy controls (n ¼
14 and 21, respectively).15

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism (version 9, GraphPad Software, San Diego, CA).
We used D’Agostino-Pearson test to assess normality.
Measurements of circulating markers in patients with
SSNS/MCD and densitometry analysis of cell lysates
followed a nonnormal distribution. Therefore, we
examined differences among 2 groups using the
Table 3. Demographic characteristics of pediatric control subjects
ID Age (yr) Sex/race S Alb (g/dl) UPC S Cr

1 20 M/Wa 4.7 TRA

2 15 F/W 4.1 NEG

3 12 M/Wa 4.6 0.02

4 13 F/Wa 4.7 NEG 0

5 3 F/Wb 4.4 NEG

6 9 F/Wb 4.5 0.4 0

7 15 M/Wa 4.7 0.06

8 8 F/W NA 0.11

9 5 M/W 4.4 NEG

10 10 F/W NA NA

11 7 F/Wa NA NA

12 6 M/Wa NA NA

13 7 M/Wa NA NA

14 10 F/Wa NA NA

15 7 M/Wa NA NA

16 10 F/B NA NA

17 7 M/Wa NA NA

18 4 F/Wa NA NA

19 19 F/W NA NEG

20 15 F/B NA NEG

21 13 F/W NA NEG

22 16 M/W NA NEG

23 20 M/W NA NEG

24 20 F/W NA NEG

25 15 F/Wa NA NEG

26 15 F/W NA NEG

27 18 M/W NA NEG

28 19 F/Ua NA NEG

29 16 F/Ua NA NEG

30 12 F/Wa NA NEG

Mean � SD 12.2 � 5.1 19F/11M 4.5 � 0.2 0.1 � 0.1 0.6

ADD, attention deficit disorder; Alb, albumin; B, Black; CAH, congenital adrenal hyperplasia; C
female; ID, identification; M, male; MCD, minimal change disease; NA, not available; NEG, nega
UPC, urine protein-to-creatinine ratio; UTI, urinary tract infection; W, White.
aHispanic.
bBiracial.
Pediatric control subjects. Available quantitative data were expressed as mean � SD.
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unpaired two-tailed Mann–Whitney U test and asso-
ciations using Spearman correlation. Paired serum and
plasma samples followed a normal distribution, and
analysis was performed with paired t test. No outliers
were excluded for analysis, and the number of outliers
is shown in the corresponding figure legends. Quanti-
fication of circulating markers was expressed as median
� interquartile range, and numerical variables from
demographics as mean � SD. Quantification of fluo-
rescence in human kidney tissue was performed using
ImageJ (Windows version 64-bit Java 1.8.0_172; Bio-
Rad). A P < 0.05 was considered statistically
significant.

RESULTS

Study Population

Demographic characteristics of the pediatric population
are shown in Tables 1, 2, and 3, and those of adult
population are shown in Tables 4 and 5. Children with
MCD/SSNS were younger and had a lower serum
(mg/dl) Diagnosis Treatment

0.8 Stage 1 CKD, renal scars Vitamin D

0.8 Nephrolithiasis None

0.4 Nephrolithiasis None

.76 Resolved UTI/CAH Fludrocortisone

0.3 Renal cyst None

.46 Follow-up PIGN None

0.9 High creatinine Normal eGFR None

NA Mastoiditis Ceftriaxone

NA Acute emesis None

NA Healthy donor None

NA Healthy donor None

NA Healthy donor None

NA Healthy donor None

NA ADD None

NA URI Cough syrup

NA Asthma Albuterol

NA None None

NA None None

0.9 Depression Spironolactone, fluoxetine, rizatriptan

0.7 Asthma Albuterol

0.6 Healthy donor None

0.7 Healthy donor None

0.9 Healthy donor None

0.7 Healthy donor Oral contraceptive, doxycycline

0.5 Healthy donor None

0.8 Healthy donor Oral contraceptive

1.1 Healthy donor None

0.7 Healthy donor None

0.7 Healthy donor None

0.3 Healthy donor None

� 0.2

KD, chronic kidney disease; Cr, creatinine; eGFR, estimated glomerular filtration rate; F,
tive, PIGN, history of postinfectious-infectious glomerulonephritis; S, serum; U, unknown;
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Table 4. Demographic characteristics of adults with MCD during relapse
ID Age Sex/race S Alb (g/dl) Proteinuria (g/d) S Cr (mg/dl) Treatment

1 23 F/W 2.6 14 0.7 None

2 32 F/W 2.9 12.6 0.84 None

3 45 F/W 2.6 14.4 0.9 None

4 18 M/W 2.8 8.5 0.69 None

5 24 F/W 2.3 13.8 0.76 None

6 30 F/W 2.4 10.4 0.85 None

7 21 M/W 2.4 14.5 0.9 None

8 56 F/W 2.8 6.6 0.8 None

9 18 M/W 2.1 14.3 0.7 None

10 19 F/W 1.8 8 0.9 None

11 22 M/W 2.1 10.4 0.86 None

12 20 F/W 2.1 15 1.02 None

13 27 M/W 2.2 13.4 0.63 None

14 19 F/W 2.4 7.2 0.5 None

15 25 F/W 2.2 14.4 0.68 None

16 22 M/W 2.8 13.5 0.48 None

17 26 F/W 2.7 13 0.7 None

18 37 M/W 2.7 6.6 0.56 None

19 31 F/W 2.8 7.2 0.9 None

20 19 F/W 2.3 15.5 0.87 None

21 25 F/W 2.7 14.8 0.7 None

Mean � SD 26.6 � 9.5 14F/8M 2.4 � 0.3 11.8 � 3.1 0.7 � 0.1

Alb, albumin; Cr, creatinine; F, female; ID, identification; M, male; MCD, minimal change disease; S, serum; W, White.
Available quantitative data were expressed as mean � SD.

CLINICAL RESEARCH C Bauer et al.: Endothelial Alterations in Minimal Change Disease
creatinine than pediatric controls (age: 7.6 � 3.9 vs.
12.2 � 5.1 years, P < 0.0001; serum creatinine:
remission vs. control, 0.4 � 0.1 mg/dl vs. 0.6 � 0.2 mg/
dl, P ¼ 0.003, and relapse vs. control 0.2 � 0.1 mg/dl
vs. 0.6 � 0.2 mg/dl, P < 0.0001). Adults with MCD
were younger than controls (26.6 � 9.5 vs. 36.3 � 10.2
years, P ¼ 0.01).
Table 5. Demographic characteristics of healthy adults
ID Age (yr) Sex Disease Treatment

1 28 M Healthy donor None

2 30 M Healthy donor None

3 44 M Healthy donor None

4 46 F Healthy donor None

5 23 M Healthy donor None

6 48 F Healthy donor None

7 45 M Healthy donor None

8 27 M Healthy donor None

Mean � SD 36.3 � 10.2 6M/2F

F, female; ID, identification; M, male.
Available quantitative data expressed as mean � SD.
Markers of EG Degradation Are Elevated in MCD

and SSNS

The EG is composed of core proteoglycans, such as
syndecan-1, and glycosaminoglycans, predominantly
HS, which is bound to syndecan-1. On injury, these
components are enzymatically cleaved into circulation
serving as markers of EG degradation.6 To assess for EG
degradation in children with MCD/SSNS, we measured
circulating syndecan-1 (ELISA), HS fragments (mass
spectrometry), and cleaving enzymes including MMP-2
and heparanase activity (ELISA). Syndecan-1 was
significantly higher in children with MCD/SSNS in
relapse compared with controls and to patients in
remission (Figure 1a, P < 0.0001 and P ¼ 0.004,
respectively), and levels remained higher in remission
than in controls (Figure 1a, P ¼ 0.01). HS levels were
significantly increased in children with active MCD/
SSNS compared with controls (Figure 1b, P ¼ 0.0003),
and there was a trend toward lower levels in remission
compared with relapse (Figure 1b, P ¼ 0.05), and be-
tween patients in remission and control subjects
(Figure 1b, P ¼ 0.07). In children with MCD/SSNS, we
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found a correlation between circulating syndecan-1
and HS (Figure 1c, r ¼ 0.37, P ¼ 0.03, n ¼ 32).
MMP-2 was significantly increased in children with
active MCD/SSNS compared with controls and patients
in remission (Figure 1d, P < 0.0001 and P ¼ 0.001,
respectively), and levels remained higher in remission
compared with controls (Figure 1d, P < 0.0001). MMP-
2 correlated with syndecan-1 (Figure 1e, r ¼ 0.39, P ¼
0.006, n ¼ 48) but not with HS (Supplementary
Figure S2A). Heparanase activity was also higher in
children with MCD/SSNS, during relapse and remis-
sion, compared with controls (Figure 1f, P ¼ 0.0009
and P ¼ 0.003, respectively) and also correlated with
syndecan-1 (Figure 1g, r ¼ 0.42, P ¼ 0.003, n ¼ 46) but
not with HS (Supplementary Figure S2B). To test
whether EG degradation is also involved in adults, we
measured circulating syndecan-1 and HS in adults with
MCD during relapse and in adults without history of
Kidney International Reports (2022) 7, 797–809
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Figure 1. Endothelial glycocalyx degradation in children with MCD and SSNS. Datapoints indicate the average of duplicate measurements per
subject of the following markers: (a) circulating syndecan-1; (b) circulating HS fragments; (c) correlation between syndecan-1 and HS frag-
ments; (d) circulating MMP-2; (e) correlation between MMP-2 and syndecan-1; (f) heparanase activity in circulation; (g) correlation between
heparanase activity and syndecan-1. Data presented as median � interquartile range. Outside values were included in analyses and were a
total of 3 for syndecan-1 (1 RL, 1 RM, 1 C), 1 for HS (relapse), 1 for MMP-2 (RM), and 2 for heparanase (RL). C, control; HS, heparan sulfate; MCD,
minimal change disease; MMP-2, matrix metalloprotease-2; RL, relapse; RM, remission; SSNS, steroid sensitive nephrotic syndrome.
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kidney disease. Both markers were significantly higher
in MCD compared with controls (Figure 2a and b, P ¼
0.02 and P < 0.0001, respectively), and we found a
strong correlation between circulating syndecan-1 and
HS (Figure 2c, r ¼ 0.68, P ¼ 0.001, n ¼ 19).

MCD and SSNS Are Associated With Systemic

and Glomerular Endothelial Activation

In response to vascular injury, ECs release thrombo-
modulin and vWF into the circulation.16,17 In
Kidney International Reports (2022) 7, 797–809
children with MCD/SSNS, we found an increase in
circulating thrombomodulin and vWF (Figure 3a and
b, respectively) during active disease compared with
controls (P < 0.0001, for both markers) and with
children with MCD/SSNS in remission (P ¼ 0.001, for
both markers). Compared with controls, children
with MCD/SSNS in remission had higher vWF levels
(Figure 3b, P ¼ 0.01), but we found no differences in
thrombomodulin concentrations among both groups
(Figure 3a, P ¼ 0.4). Thrombomodulin and vWF
803
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Figure 2. Endothelial glycocalyx degradation in adults with MCD. Datapoints indicate the average of duplicate measurements per subject of the
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showed a strong correlation with syndecan-1 in
children with MCD/SSNS (Figure 3c and d, r ¼ 0.59,
P < 0.0001, n ¼ 48; and r ¼ 0.63, P < 0.0001, n ¼
42, respectively) but not with HS (Supplementary
Figure S3A and B, respectively). In adults with
MCD in relapse, thrombomodulin was significantly
higher during relapse compared with controls
(Figure 3e, P ¼ 0.0009). Thrombomodulin levels
showed a trend toward positive correlation with
syndecan-1 (Figure 3f, r ¼ 0.43, P ¼ 0.05, n ¼ 21)
and correlated with circulating HS fragments
(Figure 3g, r ¼ 0.59, P ¼ 0.006, n ¼ 19).

To examine whether endothelial activation also in-
volves the MCD glomerulus, we obtained tran-
scriptomic data from the open-source database
Nephroseq (nephroseq.org, “Ju CKD Glom”).15

Expression of 2 endothelial markers of activation,
thrombomodulin and nitric oxide synthase 3
(NOS3),16,18 was increased in glomeruli from patients
with MCD in relapse (n ¼ 14) compared with healthy
controls (n ¼ 21) (P ¼ 0.0003 and 0.0001, respectively;
and false discovery rate–adjusted P ¼ 0.01 for both
markers)15 (Figure 4a). Next, we performed immuno-
fluorescence of human kidney tissue using caveolin-1
as marker of cell activation.19 Caveolin-1 expression
was increased in adults with MCD during relapse
compared with controls (Figure 4b, n ¼ 11 and 5,
respectively, P ¼ 0.0005), and it colocalized with the
lectin ulex europaeus agglutinin (Figure 4b, red),
demonstrating its endothelial-specific expression.

To test whether GEnC activation is triggered directly
by a circulating factor(s) present in the MCD sera, we
cultured hiGEnC with 10% sera from MCD/SSNS dur-
ing relapse and control subjects. Sera from children
with MCD/SSNS dramatically increased thrombomo-
dulin expression in hiGEnC compared with controls
(Figure 4c, n ¼ 5 subjects per group, P ¼ 0.01).
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DISCUSSION

MCD is considered a podocyte disorder mediated by
a circulating factor(s) that directly attacks podo-
cytes.1–4 For decades, most research efforts have
focused on the role of immune cells and podocytes in
MCD,2,5,20,21 but the pathogenesis remains poorly
understood. In this study, we combined rigorous
human and cell culture studies to test the hypothesis
that EC activation is also involved in MCD. The most
striking findings of our study were to demonstrate
that MCD involves alterations of the systemic and
glomerular endothelium and glycocalyx in nearly all
patients, and that MCD sera directly activate GEnC,
suggesting that the endothelium may play a role in
the disease (Figure 5).

We demonstrated that EG degradation is under-
recognized in patients with MCD/SSNS in relapse. We
showed that markers of EG degradation and cleaving
enzymes are consistently elevated in most patients,
children and adults, during relapse. Although EG
degradation is usually associated with severe or chronic
illnesses such sepsis, preeclampsia, or diabetes,6,22,23

here we showed that EG injury is also common in
children with new onset nephrotic syndrome and
normal kidney function. The source of these circulating
EG products is likely the systemic endothelium, given
the strong correlation between circulating syndecan-1
with thrombomodulin and vWF in children and HS
and thrombomodulin in adults. Interestingly, HS did
not correlate with degrading enzymes or markers of
endothelial activation in children. Some EG products
have a relatively low molecular weight and can be
excreted into urine in nephrotic states,24 so it is
possible that they may have different excretion rates
into urine, and this could impact their serum concen-
trations differently.
Kidney International Reports (2022) 7, 797–809
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Notably, markers of EG degradation and systemic
endothelial activation in our population were as high as
those reported in patients with severe systemic endo-
theliopathy including sepsis and COVID-19.25,26 Hence,
our study provides evidence to support that MCD in-
volves substantial alterations of the whole vascular
endothelium and that MCD is not simply a podocyte
disorder. Consistent with this, a recent study showed
that MCD sera increased permeability of human um-
bilical vein ECs.27 These findings are important because
EG degradation is associated with albuminuria in other
diseases such diabetic nephropathy, preeclampsia, and
sepsis.6,28 It is possible that EG degradation may also
contribute to proteinuria in MCD and/or that it facili-
tates the passage and exposure of “toxic” circulating
factors to podocytes. There is some evidence that the
806
EG may generate an electrical field preventing the
passage of negatively charged plasma proteins through
endothelial fenestrae29,30; hence, further studies are
needed to investigate if EG degradation plays a role in
MCD.

We next provided evidence that endothelial alter-
ations can persist during remission of proteinuria in
some patients to a lesser extent that during relapse. It is
possible that endothelial alterations may take longer
than podocyte injury to recover but also could reflect
the continued presence of the factor that drives MCD,
despite the resolution of proteinuria in response to
steroids. This seems clinically relevant because sus-
tained endothelial injury is usually associated with
poor clinical outcomes and progression of kidney dis-
ease.9,10,31 It is possible that patients with MCD/SSNS
Kidney International Reports (2022) 7, 797–809
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Figure 5. Schematic showing endothelial alterations in MCD. In healthy state, the EG, which predominantly consists of syndecan-1 and HS,
covers the luminal surface of the glomerular endothelial cells and their fenestrations. In MCD, the CF directly targets the endothelium, resulting
in EG degradation, as noted by the shedding of syndecan-1 and HS into circulation, and GEnC activation involving the release of TM and vWF
into circulation, and the up-regulation of Cav-1. We postulate that EG degradation may favor the passage of serum albumin through endothelial
fenestration and may facilitate that circulating factors encounter and activate podocytes. Furthermore, activated GEnC may release factors
locally that could contribute to podocyte injury. Cartoon created with BioRender.com. Cav-1, caveolin-1; CF, circulating factor; EG, endothelial
glycocalyx; GBM, glomerular basement membrane; GEnC, glomerular endothelial cell; HS, heparan sulfate; MCD, minimal change disease;
MMP-2, matrix metalloprotease-2; TM, thrombomodulin; vWF, von Willebrand factor.
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and sustained endothelial alterations (as noted by high
circulating syndecan-1, for instance) may be at higher
risk for relapse (on immunosuppression taper or after
respiratory infections), poor response to therapies,
progression to focal segmental glomerulosclerosis, or
decline in kidney function. In support to this, circu-
lating MMP-2, a mediator of EG degradation,32 is
associated with poor response to steroids in children
with idiopathic nephrotic syndrome.33 Notably, we
found that 10 of 24 children with MCD/SSNS in
remission had MMP-2 levels above the 95th percentile
of healthy controls and that circulating MMP-2 corre-
lated with syndecan-1. Therefore, our findings suggest
that circulating syndecan-1 levels likely reflect ongoing
EG degradation, and this may have a prognostic role in
the disease. Likewise, MCD is associated with ultra-
structural changes in GEnC, and these correlate with
poor clinical outcomes.10 Future studies are needed to
investigate whether serologic evidence of endothelial
alterations may predict clinical outcomes, disease
relapse, and/or precede morphologic changes in the
glomerular endothelium.

We showed that endothelial activation in MCD also
involves the glomerular endothelium, as noted by the
up-regulation of caveolin-1 and thrombomodulin. This
is consistent with previous studies by others and by
our group.34,35 While podocyte damage can trigger
Kidney International Reports (2022) 7, 797–809
endothelial injury,36 here we provided evidence that
MCD sera can directly trigger GEnC activation. This
raises the possibility that GEnC are a primary target of
the presumed circulating factor(s) in MCD and that on
activation, GEnC may release factors that could pro-
mote local inflammation, and if uncontrolled, it may
lead to fibrosis and focal segmental glomerulosclerosis.9

In fact, an increase in endothelin receptor A expression
and oxidative stress in GEnC has been reported in pa-
tients with focal segmental glomerulosclerosis and
diabetic nephropathy.37–39 Therefore, sustained endo-
thelial alterations may identify patients with MCD/
SSNS at risk for progression to focal segmental glo-
merulosclerosis or advanced stages of chronic kidney
disease.

Our study has limitations and strengths worth
mentioning, including a relatively small cohort of
children (blood markers) with MCD/SSNS and adults
(unmatched blood samples and kidney tissue) with
MCD, which may constrain the generalizability.
Furthermore, our study does not address whether
endothelial alterations have a prognostic and/or path-
ogenic role in MCD, but it does identify the vascular
endothelium as a potential target and contributor to the
disease. We acknowledge that endothelial alterations
are also present in other kidney diseases,9 and whether
MCD and SSNS have a distinct endothelial signature is
807
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yet to be determined. Strengths of this study include
the consistency of several markers of EG degradation
and endothelial activation in most patients. In addition,
we leveraged different techniques to rigorously
examine endothelial alterations as well as a diverse
population.

In summary, MCD and SSNS are associated with
alterations of the systemic and glomerular endothelium.
Understanding the role of endothelium in the patho-
genesis of MCD may contribute to the identification of
prognostic tools (biomarkers) and therapeutic targets
(such as agents able to restore the EG)40 and provide
insight into the potential role of the endothelial-
podocyte crosstalk in MCD.
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