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Abstract
Podocyte detachment is a major trigger in pathogenesis of focal segmental glomerulosclerosis (FSGS). Detachment via 
β1 integrin (ITGB1) endocytosis, associated with endothelial cell injury, has been reported in animal models but remains 
unknown in human kidneys. The objectives of our study were to examine the difference in ITGB1 dynamics between 
primary FSGS and minimal change nephrotic syndrome (MCNS), among variants of FSGS, as well as between the pres-
ence or absence of cellular lesions (CEL-L) in human kidneys, and to elucidate the pathogenesis of FSGS. Thirty-one 
patients with primary FSGS and 14 with MCNS were recruited. FSGS cases were categorized into two groups: those 
with CEL-L, defined by segmental endocapillary hypercellularity occluding lumina, and those without CEL-L. The 
podocyte cytoplasmic ITGB1 levels, ITGB1 expression, and degrees of podocyte detachment and subendothelial widen-
ing were compared between FSGS and MCNS, FSGS variants, and FSGS groups with and without CEL-L (CEL-L( +)/
CEL-L( −)). ITGB1 distribution in podocyte cytoplasm was significantly greater in CEL-L( +) group than that in MCNS 
and CEL-L( −) groups. ITGB1 expression was similar in CEL-L( +) and MCNS, but lower in CEL-L( −) compared with 
others. Podocyte detachment levels were comparable in CEL-L( +) and CEL-L( −) groups, both exhibiting significantly 
higher detachment than the MCNS group. Subendothelial widening was significantly greater in CEL-L( +) compared 
with CEL-L( −) and MCNS groups. The findings of this study imply the existence of distinct pathological mechanisms 
associated with ITGB1 dynamics between CEL-L( +) and CEL-L( −) groups, and suggest a potential role of endothelial 
cell injury in the pathogenesis of cellular lesions in FSGS.
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Introduction

Focal segmental glomerulosclerosis (FSGS) is character-
ized by a segmental sclerosis in some (focal) glomeruli on 
light microscopy. Immunofluorescence microscopy typi-
cally shows no or low-intensity staining of complement 3 
(C3) and/or immunoglobulin M (IgM) in sclerotic areas. 
FSGS is categorized into primary and secondary forms. 
Primary FSGS, defined as a podocytopathy, is associated 
with nephrotic syndrome (NS) and extensive foot process 
effacement and podocyte detachment on electron micros-
copy (EM) [1–3]. Secondary FSGS, characterized by the 
absence of NS and segmental foot process effacement 
on EM, is often due to glomerular hyperfiltration [4, 5].

NS is characterized by massive urinary protein leakage. 
This leakage results from increased protein permeability 
due to dysfunction of glomerular filtration barrier. Primary 
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FSGS, a type of NS resistant to steroid therapy, can progress 
to end-stage renal failure [6]. In contrast, minimal change 
nephrotic syndrome (MCNS), the most common NS cause in 
children, responds well to steroids. Light microscopy shows 
normal glomeruli, and immunofluorescence microscopy 
reveals no or low-intensity staining for C3 and/or IgM in the 
mesangial area. While extensive foot process effacement is 
observed, podocyte detachment is rare [7]. Differences in 
steroid sensitivity suggest distinct pathogeneses for primary 
FSGS and MCNS, though the mechanisms are only partially 
understood. Investigating these mechanisms is crucial, espe-
cially for primary FSGS, which is associated with a poor 
prognosis.

According to the Columbia classification, FSGS is mor-
phologically categorized into five variants: collapsing, tip, 
cellular, perihilar, and not otherwise specified (NOS) [8]. 
The prognosis varies by variant, with tip associated with the 
best and collapsing with the worst outcomes [9–12]. How-
ever, the reasons for these morphological and prognostic 
differences remain unclear.

Podocyte detachment is a key factor in FSGS patho-
genesis. In humans, α3β1 integrin is a crucial adhesion 
molecule on podocytes [13] and plays an important role 
in anchoring and signal transduction between podocytes 
and the extracellular matrix of glomerular basement 
membrane (GBM) [14]. The glomerular filtration bar-
rier consists of podocytes, GBM, and endothelial cells 
[15]. Cross-talk between podocytes and endothelial cells 
is thought to regulate barrier function [16, 17]. Kob-
ayashi et al. reported in a podocyte-specific injury ani-
mal model that plasminogen activator inhibitor-1 (PAI-
1) from endothelial cells binds urokinase plasminogen 
activator (uPA) in the blood. This complex then binds to 
uPA receptor (uPAR) on podocytes, causing β1 integrin 
(ITGB1) endocytosis and resulting in podocyte detach-
ment [18]. However, this has not been thoroughly vali-
dated in human FSGS variants.

Cellular lesions (CEL-L) in FSGS are characterized by 
segmental endocapillary hypercellularity with mononu-
clear and/or foam cells occluding the capillary lumina [8]. 
Thrombotic microangiopathy, characterized by endothe-
lial cell injury, often shows endocapillary hypercellularity 
with epithelial hyperplasia in the chronic phase, which 
resembles CEL-L in FSGS. This suggests a potential link 
between endothelial cells and podocyte injury.

The objectives of this study were to examine the dif-
ference in ITGB1 dynamics between primary FSGS and 
MCNS, among the variants of FSGS, and between the pres-
ence or absence of CEL-L in human kidneys and to eluci-
date the mechanism underlying the pathogenesis of primary 
FSGS.

Materials and methods

Subjects

Renal biopsy specimens were examined at the Department 
of Pathology, School of Medicine, University of Occupa-
tional and Environmental Health (UOEH) between 2006 
and 2021. Thirty-one patients with primary FSGS and 14 
with MCNS were recruited, consisting of 27 men and 18 
women (mean age: 27.9 ± 16.9 years). Twenty-five patients 
were receiving corticosteroids or immunosuppressants at 
the time of the study. Diagnoses of FSGS and MCNS were 
confirmed histopathologically, and FSGS variants were 
classified according to the Columbia criteria [8]. Primary 
FSGS was diagnosed in the absence of other glomerular 
diseases or systemic conditions that could cause second-
ary segmental glomerular sclerosis. Clinical data were 
obtained from application forms. Patients with evidence of 
systemic disease that can cause thrombotic microangiopa-
thy (e.g., thrombotic thrombocytopenic purpura, hemolytic 
uremic syndrome, malignant hypertension, autoimmune 
disease, systemic infection), other causes of secondary 
segmental sclerosis (e.g., reflux nephropathy, pyelonephri-
tis, transplanted kidney, human immunodeficiency virus 
infection, or congenital disease), or a history of hyperten-
sion, obesity, nephrectomy, a solitary kidney, or intrave-
nous drug abuse were excluded. Based on the Columbia 
classification, representative lesions of each variant often 
coexist [8]. Coexisting lesions in distinct glomeruli were 
evaluated based on the Columbia classification, and FSGS 
cases were categorized into two groups: with and without 
CEL-L; CEL-L( +); and CEL-L( −) groups. There was a 
possibility that FSGS cases were hidden among the MCNS 
cases, so we used 0-h biopsy samples from kidney trans-
plant cases as controls. We examined eight cases without 
glomerular hypercellularity, interstitial fibrosis, tubular 
atrophy, or significant arteriosclerosis.

Staining and morphological analysis

Kidney tissues were fixed in 10% neutral-buffered for-
maldehyde and embedded in paraffin. Sections  (3 μm 
thick) were stained with periodic acid–Schiff, periodic 
acid–methenamine silver, hematoxylin and eosin, and 
Masson trichrome. For immunohistochemical staining, 
Wilms’ tumor 1 (WT1) and double staining for ITGB1 
and vimentin were performed. Tissue sections were depar-
affinized in xylene for 15 min, rehydrated in ethanol, and 
washed in distilled water. Endogenous peroxidase was 
blocked with 3% H2O2. For WT1 staining, after antigen 
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retrieval by autoclaving for 20  min in 10  mM citrate 
buffer (pH 6.0), sections were incubated with a primary 
antibody against WT1 (1:300, ab220212; Abcam, Cam-
bridge, UK) for 1 h at room temperature. The sections 
were visualized using diaminobenzidine (DAB substrate-
chromogen system; Dako, Santa Clara, CA, USA). For 
double staining of ITGB1 and vimentin, antigen retrieval 
was performed by autoclaving for 20 min in 10 mM cit-
rate buffer (pH 9.0). The sections were incubated with a 
vimentin antibody (1:20, goat, ab11256; Abcam) for 1 h 
at room temperature, and an ITGB1 antibody (1:1,000, 
rabbit, ab52971; Abcam) overnight at 4 °C. Secondary 
antibodies used were donkey anti-rabbit antibody, Alexa 
Fluor™ 546 (1:100, A10040; Thermo Fisher Scientific 
Inc., Waltham, MA, USA) and donkey anti-goat antibody, 
Alexa Fluor™ 488 (1:100, A11055; Thermo Fisher Sci-
entific Inc.).

The stained tissue sections were digitized using a vir-
tual slide system (VS120; Olympus, Tokyo, Japan) or 
Nano Zoomer Digital Slide Scanner (Hamamatsu Photon-
ics, Hamamatsu, Japan). To quantify podocyte count, the 
number of WT1-positive cells per unit area of each glo-
merulus was measured, and the average was calculated for 
each case. Double immunofluorescence staining for ITGB1 
and vimentin was used to quantify ITGB1 within podo-
cytes, which were identified by vimentin positivity. Up to 
ten glomeruli were selected per case (detailed numbers are 
in Supplemental Table 1). The merged area of vimentin and 
ITGB1 was measured using HALO image analysis soft-
ware (Indica Labs, Corrales, NM, USA), and the value was 
divided by the ITGB1-positive area in each glomerulus. The 
average value per glomerulus was then calculated for each 
case. Each case was digitized using the same light source 
intensity and measured after setting a threshold to blacken 
the background in each staining. Additionally, the number 
of vimentin-positive cells with merged areas in their cyto-
plasm was counted in each glomerulus and divided by the 
total number of WT1-positive cells to determine the propor-
tion of podocytes with cytoplasmic ITGB1 in FSGS cases. 
The average value per glomerulus was then calculated for 
each case. The morphology of each glomerulus was also 
assessed.

Electron microscopic examination

Portions of the tissue were fixed with 2.5% glutaraldehyde for 
transmission electron microscopy. Ten glomerular tufts were 
randomly photographed per case. The percentages of podocyte 
detachment and subendothelial widening relative to the capil-
lary GBM were calculated by summing these lengths across 
ten images.

RNA quantitative real‑time polymerase chain 
reaction (qRT‑PCR)

Frozen sections of each case were obtained using a cry-
ostat (5 μm thick), mounted onto membrane-coated slides, 
fixed in acetone for 3 min, washed with RNase-free water 
1minuit, stained by 0.05% toluidine blue for 15 s, washed 
with RNase-free water 2 times for 1minuit, and air-dried 
for 5 min. Between 9 and 154 glomeruli were isolated via 
laser capture using an LMD6/7 (Leica Microsystems, Wet-
zlar, Germany) for each case, regardless of the presence of 
FSGS lesions. The number of laser-captured glomeruli per 
case is detailed in Supplemental Table 1. cDNA synthesis 
was performed using 1 μg of total RNA per case with a 
High-Capacity cDNA Reverse Transcription Kit (4,368,814; 
Thermo Fisher Scientific Inc.). The gene expression of 
ITGB1 (ITGB1; Hs01127536_m1), vascular endothelial 
growth factor A (VEGFA; Hs00900055_m1), uPAR (PLAUR​
; Hs00958880_m1), and PAI-1 (serpin family E member 1 
[SERPINE1]; Hs00167155_m1) was examined by qRT-PCR 
using TaqMan® Gene Expression Assays (Thermo Fisher 
Scientific Inc.). For quantitative analysis, the levels were 
normalized to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; Hs02786624_g1) in standard total human kidney 
RNA (Premium total RNA, 636,529; Clontech, Mountain 
View, CA, USA) using the ΔΔCt method (Ct indicates the 
threshold cycle). The results are presented as relative expres-
sions (RQ) in arbitrary units. Unfortunately, mRNA of 0-h 
biopsy cases could not be extracted due to poor preservation 
of the frozen samples.

Comparison

The number of WT-1-positive cells, the merged area of 
ITGB1 and vimentin, mRNA expression levels of ITGB1 
and VEGF, as well as uPAR and PAI-1, the degree of podo-
cyte detachment, and subendothelial widening were com-
pared between the 0-h biopsy, MCNS and FSGS groups, 
among the FSGS variants and between the CEL-L( +) and 
CEL-L( −) groups. The number of glomeruli analyzed per 
case is listed in Supplemental Table 1.

Statistical analysis

Continuous data were expressed as median (interquartile 
range). Group comparisons were conducted using the Wil-
coxon rank-sum test. Statistical analyses were performed 
with JMP version 12 (SAS Institute Inc., Cary, NC, USA), 
with significance set at p < 0.05. Due to the small sample 



1052	 Virchows Archiv (2025) 486:1049–1059

sizes, no statistical analysis was performed among FSGS 
variants.

Results

Clinical characteristics of the subjects and Columbia 
classification

The characteristics of MCNS and FSGS patients are sum-
marized in Table 1. Among the 31 FSGS cases, there was 1 
collapsing variant, 8 cellular, 5 tip, 11 perihilar, and 6 NOS 
variants. CEL-L were present in 4 of 5 tip cases and all 8 cel-
lular cases, leading to their classification into the CEL-L( +) 
group (12 patients). The remaining 19 cases (1 collapsing, 
1 tip, 11 perihilar, and 6 NOS variants) were classified as 
CEL-L( −). Histological findings for each case are shown 
in Supplemental Table 2. The median proteinuria was not 
in the nephrotic range in the MCNS and CEL-L( −) groups. 
Of the 14 MCNS cases, 10 received immunosuppressive 
therapy before biopsy, and among the 31 FSGS cases, 15 
received similar treatment. As a result, some cases showed 
improvement in proteinuria by the time of biopsy, leading 
to a lower median value despite the presence of nephrotic 
syndrome before treatment. Clinical information for the 0-h 
biopsy donors was unavailable, as it was not included in the 
application form.

WT1‑positive cells

The number of WT1-positive cells was significantly lower 
in FSGS compared to MCNS and 0-h biopsy groups (Sup-
plemental Figure S1a). Both CEL-L( +) and CEL-L( −) 
groups had significantly fewer WT1-positive cells than the 
MCNS and 0-h biopsy groups (Supplemental Figure S1b). 
However, no significant difference was observed between 
the CEL-L( +) and CEL-L( −) groups. Although statistical 
analysis was not performed due to the small sample size of 
each variant, the cellular, perihilar, and NOS variants exhib-
ited relatively fewer WT1-positive cells compared to the tip 
variant (Supplemental Figure S1c).

Merged area of ITGB1 and vimentin

The merged ITGB1 and vimentin area was significantly 
larger in FSGS compared to MCNS and 0-h biopsy groups 
(Fig. 1a, b). The CEL-L( +) group had a significantly larger 
merged area than the CEL-L( −) group, as well as the MCNS 
and 0-h biopsy groups. In contrast, no significant differ-
ence was found between the CEL-L( −), MCNS, and 0-h 
biopsy groups (Fig. 1c). Among the variants, the merged 
area appeared larger in the tip and cellular variants com-
pared to others (Supplemental Figure S2). ITGB1 within 
the cytoplasm of vimentin-positive cells was analyzed in 
220 glomeruli (94 and 126 in the CEL-L( +) and CEL-L( −) 

Table 1   The characteristics of study population and each group

Values are expressed number (percent) or median (interquartile range)
SBP systolic blood pressure, DBP diastolic blood pressure, MCNS minimal change nephrotic syndrome, FSGS focal segmental glomerulosclero-
sis, COL collapsing variant, CEL cellular variant, TIP tip variant, PH perihilar variant, NOS NOS variant, CEL-L( +) FSGS with cellular lesions, 
CEL-L( −) FSGS without cellular lesions, N/A not available

MCNS and 
FSGS case 
(n = 45)

MCNS (n = 14) FSGS (n = 31) 0-h 
biopsy 
(n = 8)Total (n = 31) CEL-L( +) (n = 12) CEL-L( −) (n = 19)

Age 20 (17–36.5) 19.5 (17–66.3) 22 (15–35) 36 (19.8–44.8) 17 (14–24) N/A
Sex (male) 27 (60) 8 (57.1) 19 (61.3) 7 (58.3) 12 (63.2) N/A
SBP (mmHg) 120 (115–130) 120 (105–134) 120 (115–127) 123 (117–135) 117 (104–121) N/A
DBP (mmHg) 78 (68–81) 78 (72–81) 78 (68–85) 79 (70–86) 77 (60–84) N/A
Serum creatinine (mg/dL) 0.75 (0.6–1.03) 0.76 (0.56–0.86) 0.73 (0.61–1.20) 0.79 (0.65–1.25) 0.73 (0.6–1.13) N/A
Serum albumin (g/dl) 3 (2.1–4.2) 3.6 (2.0–4.4) 2.9 (2.1–4.1) 2.4 (1.6–3.1) 3.3 (2.7–4.4) N/A
Proteinuria (g/day) 3.4 (0.7–6.3) 0.67 (0.02–7.78) 4.5 (1.5–6.0) 5 (3.9–7.2) 1.54 (0.8–6.0) N/A
Columbia classification

  COL 1 (3) 1 (5)
  CEL 8 (26) 8 (66.7) 0 (0)
  TIP 5 (16) 4 (33.3) 1 (5)
  PH 11 (36) 11 (58)
  NOS 6 (19) 6 (32)
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group). Vimentin-positive cells with cytoplasmic ITGB1 
were observed in 37 glomeruli (16.8%). Notably, many of 
these glomeruli showed minor morphological changes with-
out significant lesions (Fig. 1a and d). The proportion of 
vimentin-positive cells with cytoplasmic ITGB1 was signifi-
cantly higher in the CEL-L( +) group compared to the CEL-
L( −) group (Fig. 1e). No notable differences among FSGS 
variants were apparent (Supplemental Figure S3). Data for 
each glomerulus are shown in Supplemental Table 3.

RT‑PCR

FSGS exhibited significantly lower ITGB1 expression 
than MCNS (Fig. 2a). Although ITGB1 expression was 
lower in CEL-L( −) group than in CEL-L( +) and MCNS 
groups, it was similar between CEL-L( +) and MCNS 
groups (Fig. 2b). There were no differences among the 
FSGS variants (Supplemental Figure S4). VEGF expres-
sion was significantly lower in the CEL-L( −) group than 
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Fig. 1   Merged area of β1 integrin and vimentin. a: β1 integrin (red) 
and vimentin (green) staining, and morphology of the same glomeru-
lus (PAS staining). Vimentin is positive for podocyte cytoplasm. β1 
integrin is seen in the cytoplasm of vimentin-positive cells at FSGS 
case (arrow), although less observed in MCNS case. Left-upper: 
MCNS case. Left-lower and right-upper: Glomerulus of FSGS case 
exhibiting minor change morphology. Right-lower: Glomerulus 
of FSGS case exhibiting cellular lesion. b Merged area per β1 inte-
grin area comparing with FSGS, MCNS, and 0-h biopsy groups. c: 
Merged area comparing with CEL-L( +), CEL-L( −), MCNS, and 0-h 
biopsy groups. d: Number of glomeruli with merged area in vimen-
tin-positive cells. Many of the glomeruli containing vimentin/ITBG1 

double-positive cells exhibited minor change morphology. e: Num-
ber of glomeruli with merged area in vimentin-positive cells com-
paring with CEL-L( +) and CEL-L( −). Sample size: FSGS (n = 31), 
CEL-L( +) (n = 12), CEL-L( −) (n = 19), MCNS (n = 14), 0-h biopsy 
(n = 8). Abbreviations: MCNS, minimal change nephrotic syndrome. 
FSGS, focal segmental glomerulosclerosis. CEL-L( +), FSGS with 
cellular lesions. CEL-L( −), FSGS without cellular lesions. MGA, 
minor glomerular abnormality. COL, collapsing lesion. CEL, cellu-
lar lesion. TIP, tip lesion. PH, perihilar lesion. NOS, NOS lesion. Ad, 
tuft adhesion. MES, Mild mesangial hypercellularity. “Mild mesan-
gial hypercellularity” refers to an increase in mesangial cells in less 
than 25% of the glomerular area. * p < 0.05, ** p < 0.01



1054	 Virchows Archiv (2025) 486:1049–1059

in the MCNS group. However, there was no significant 
difference between the CEL-L( +) and CEL-L( −) groups. 
RT-PCR analysis of uPAR and PAI-1 did not reveal sig-
nificant differences between the CEL-L( +) and CEL-L( −) 
groups (Fig. 2c–e). mRNA from 0-h biopsy cases could 
not be extracted due to poor sample preservation.

Electron microscopic examination of podocyte 
detachment and subendothelial widening

Electron microscopy images of podocyte detachment are 
shown in Fig. 3a. FSGS exhibited significantly more exten-
sive podocyte detachment compared to the MCNS and 0-h 
biopsy groups (Fig. 3b). The extent of podocyte detachment 
was similar between the CEL-L( +) and CEL-L( −) groups, 

with both showing significantly greater detachment com-
pared to the MCNS and 0-h biopsy groups (Fig. 3c). Among 
FSGS variants, the perihilar variant appeared to have rela-
tively more podocyte detachment than the tip variant (Sup-
plemental Figure S5).

Electron microscopy images of subendothelial widening 
are shown in Fig. 4a. FSGS exhibited significantly greater 
subendothelial widening compared to the MCNS and 0-h 
biopsy groups (Fig. 4b). The CEL-L( +) group showed sig-
nificantly more subendothelial widening than the CEL-L( −) 
group, with both groups showing significantly more widen-
ing than the MCNS and 0-h biopsy groups (Fig. 4c). Among 
FSGS variants, the cellular variant appeared to have greater 
subendothelial widening than the perihilar variant (Supple-
mental Figure S6).
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Discussion

In this study, ITGB1 distribution in podocytes was higher in 
FSGS than in MCNS, particularly in the CEL-L( +) group 
compared to MCNS and CEL-L( −) groups. Notably, ITGB1 
expression was similar between CEL-L( +) and MCNS 
groups but significantly lower in the CEL-L( −) group than 
in both MCNS and CEL-L( +) groups.

ITGB1 plays a crucial role in podocyte adhesion to the 
GBM [14]. Podocyte detachment in primary FSGS may 
be linked to reduced ITGB1 expression [19]. Conversely, 
ITGB1 upregulation has been linked to podocyte detachment 
in early-stage diabetic nephropathy [20]. Previous studies on 
ITGB1 and podocyte detachment have shown conflicting 
results, with some indicating increased and others decreased 
ITGB1 levels. Moreover, no studies have explored differ-
ences among FSGS variants. This study is the first to show 
that ITGB1 expression is not reduced in FSGS with CEL-L.

Podocyte detachment may result from ITGB1 endocytosis 
through the PAI-1/uPA complex binding to podocyte uPAR 
[18]. In this study, the degree of podocyte detachment was 
similar in the CEL-L( +) and CEL-L( −) groups. However, 
ITGB1 distribution in podocyte cytoplasm was significantly 

greater in CEL-L( +) group than in CEL-L( −) group. These 
findings suggest different mechanisms for podocyte detach-
ment between FSGS with and without CEL-L. Higher degree 
of ITGB1 in podocytes in CEL-L( +) group may indicate 
that podocyte detachment may occur through endocytosis 
of ITGB1 in FSGS with CEL-L. In contrast, lower ITGB1 
expression and lower degree of ITGB1 within podocytes in 
CEL-L( −) suggest that downregulation of ITGB1 may be 
the primary mechanism of podocyte detachment in FSGS 
without CEL-L. Additionally, many glomeruli with ITGB1 
in the cytoplasm of podocytes displayed minor morphologi-
cal changes without FSGS lesions. This interesting finding 
suggests that ITGB1 endocytosis into podocyte cytoplasm 
may indicate an early change linked to lesion formation.

Kobayashi et al. suggested the involvement of endothe-
lial cell injury in the ITGB1 endocytosis using a podocyte-
specific injury mouse model [18]. Our study found no sig-
nificant differences in mRNA levels of uPAR, VEGF, and 
PAI-1 between FSGS and MCNS or between FSGS with and 
without CEL-L. However, morphological evaluation using 
electron microscopy revealed greater subendothelial widen-
ing in the CEL-L( +) group compared to both the CEL-L( −) 
and MCNS groups. Ultrastructural alterations representing 

MCNS CEL-L (+) CEL-L (−)

1 
in

te
gr

in
 m

R
N

A
 (

R
Q

)

MCNS FSGS

)
Q

R(
A

N
R

m
nirgetni

1

(a) (b)

(d)

MCNS CEL-L (+) CEL-L (−)

F
G

E
V

)
Q

R(
A

N
R

m

MCNS CEL-L (+) CEL-L (−)

uP
A

R
m

R
N

A
 (

R
Q

)

MCNS CEL-L (+) CEL-L (−)

PA
I-

1 
m

R
N

A
 (

R
Q

)

(c) (e)

Fig. 2   mRNA expression level of β1 integrin, VEGF, UPAR, and 
PAI-1. a: β1 integrin mRNA expression level comparing with FSGS 
and MCNS. b: β1 integrin mRNA expression level comparing with 
CEL-L( +), CEL-L( −), and MCNS. c: VEGF mRNA expression 
level comparing with CEL-L( +), CEL-L( −), and MCNS. d: uPAR 
mRNA expression level comparing with CEL-L( +), CEL-L( −), and 

MCNS. e: PAI-1 mRNA expression level comparing with CEL-L( +), 
CEL-L( −), and MCNS. Sample size: FSGS (n = 31), CEL-L( +) 
(n = 12), CEL-L( −) (n = 19), MCNS (n = 14). Abbreviations: MCNS, 
minimal change nephrotic syndrome. FSGS, focal segmental glo-
merulosclerosis. CEL-L( +), FSGS with cellular lesions. CEL-L( −), 
FSGS without cellular lesions. * p < 0.05, ** p < 0.01
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endothelial cell injury include subendothelial widening 
[21], endothelial swelling [17], decrease of endothelial cell 
number, or reduction in its fenestration [22]. Subendothelial 
widening is the most common glomerular lesion associated 
with endothelial damage [23]. Previous study reported a sig-
nificant increase in subendothelial widening in the FSGS 
group, particularly in collapsing, cellular, and NOS vari-
ants [24]. However, no study has focused on the presence or 
absence of CEL-L. Our findings suggest a potential involve-
ment of endothelial cell injury in the development of CEL-L 
in FSGS.

Podocytes and endothelial cells are believed to cross-
talk each other, but whether podocyte or endothelial cell 
injury occurs first in primary FSGS remains unclear. Recent 
studies suggest that circulating permeability factors may 
cause podocyte injury. Wei et al. found that soluble uPAR 
is elevated in FSGS patients’ serum and on podocyte sur-
faces, where it activates β3 integrin (ITGB3) and disrupts 
the actin cytoskeleton, leading to foot process effacement 
[25, 26]. This mechanism may lead to podocyte detachment 

and PAI-1 induction in endothelial cells. Additionally, sup-
pression of ITGB1 activates ITGB3 via Rac1 and ERK [27]. 
Taken together with the findings of Kobayashi et al., it is 
hypothesized that primary podocyte injury induced by cir-
culating permeability factors (e.g., soluble uPAR) leads to 
foot process effacement through ITGB3 activation and sub-
sequent PAI-1 release from endothelial cells. This release 
induces ITGB1 endocytosis, causing podocyte detachment 
and activating ITGB3, which perpetuates a vicious cycle 
worsening disease progression. While our study does not 
pinpoint the primary cause or detailed mechanisms of podo-
cyte injury, it suggests that ITGB1 endocytosis and endothe-
lial cell damage play a key role in FSGS, particularly in 
CEL-L( +).

This study included eight cellular variant cases and four 
tip variant cases in the CEL-L( +) group. Given that the 
tip variant generally has a better outcome compared to the 
cellular variant [11], there may be distinct pathophysi-
ological mechanisms between the two. However, the rela-
tionship between FSGS variants and kidney outcomes is 
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Fig. 3   Degree of podocyte detachment by electron microscopic 
examination. The percentages of the length of podocyte detach-
ment relative to the length of the capillary GBM were calculated. a: 
Electron microscopic image of MCNS, CEL-L( +), and CEL-L( −). 
Podocyte detachment (yellow circle) is prominent in CEL-L( +) and 
CEL-L( −) compared with MCNS. Degree of podocyte detachment 
is similar between CEL-L( +) and CEL-L( −). Swelling of endothe-
lial cells, reduction of its fenestration, and subendothelial widen-
ing are associated with podocyte detachment. b: Ratio of podocyte 

detachment comparing with FSGS, MCNS and 0-h biopsy groups. 
c: Ratio of podocyte detachment comparing with CEL-L( +), CEL-
L( −), MCNS, and 0-h biopsy groups. Sample size: FSGS (n = 31), 
CEL-L( +) (n = 12), CEL-L( −) (n = 19), MCNS (n = 14), 0-h biopsy 
(n = 8). Abbreviations: MCNS, minimal change nephrotic syn-
drome. FSGS, focal segmental glomerulosclerosis. CEL-L( +), FSGS 
with cellular lesions. CEL-L( −), FSGS without cellular lesions. * 
p < 0.05, ** p < 0.01
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controversial. Several reports have suggested that progno-
sis is influenced by responsiveness to immunosuppressive 
therapy irrespective of the variant. [28–30]. Kawaguchi et al. 
reported that there were no significant difference in progno-
sis among variants in primary FSGS patients using Japanese 
nationwide registry of kidney biopsies [31]. Additionally, 
Tsuchimoto et al. reported that the administration of steroids 
and/or immunosuppressive therapy led to good prognosis in 
cellular variants and suggested that differences in treatment 
approaches, particularly in the case of the cellular variant, 
can impact outcomes [9]. The pathophysiological differ-
ences among FSGS variants remain unclear. Considering 
the results of this study, comparison of tip variants with and 
without CEL-L may be warranted; however, the small sam-
ple size precluded such an analysis. Further investigations 
are required.

This study has several limitations. First, it was a ret-
rospective single-center study involving only Japanese 
patients. Second, the small number of cases for each primary 

FSGS variant, particularly the collapsing variant, may 
limit the validity of comparisons. Consequently, we classi-
fied FSGS cases into two groups—those with and without 
CEL-L—and compared ITGB1 dynamics, expression, and 
endothelial cell injury between these groups. Third, vimentin 
can be expressed in parietal cells within glomeruli that are 
either aged or have podocyte injury. Initially, we used synap-
topodin for specific podocyte staining, but antigen retrieval 
with autoclaving and protease treatment needed for ITGB1 
double staining damaged the specimens and made evalua-
tion impossible. Therefore, we used vimentin, which can be 
retrieved using the same method as ITGB1. To avoid pari-
etal cells, we excluded those lining the Bowman’s capsule 
basement membrane. Although FSGS lesions may include 
parietal cells undergoing epithelial-to-mesenchymal transi-
tion (EMT), many glomeruli with vimentin/ITGB1 double-
positive cells showed minor morphological changes, sug-
gesting these cells are primarily podocytes. Fourth, RT-PCR 
data from entire glomeruli included mRNA from podocytes, 
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Fig. 4   Degree of subendothelial widening by electron microscopic 
examination. The percentages of the length of subendothelial widen-
ing relative to the length of the capillary GBM were calculated. a: 
Electron microscopic image of MCNS, CEL-L( +) and CEL-L( −). 
Subendothelial widening (arrowhead) is prominent in CEL-L( +), 
comparing with CEL-L( −) or MCNS. Along with the subendothelial 
widening, swelling of endothelial cells, reduction of its fenestration, 
and new basement membrane formation are observed. Additionally, 
foot process effacement is noted in areas corresponding to the sub-

endothelial widening. b: Ratio of subendothelial widening comparing 
with FSGS, MCNS, and 0-h biopsy groups. (c): Ratio of subendothe-
lial widening comparing with CEL-L( +), CEL-L( −), MCNS, and 
0-h biopsy groups. Sample size: FSGS (n = 31), CEL-L( +) (n = 12), 
CEL-L( −) (n = 19), MCNS (n = 14), 0-h biopsy (n = 8). Abbrevia-
tions: MCNS, minimal change nephrotic syndrome. FSGS, focal seg-
mental glomerulosclerosis. CEL-L( +), FSGS with cellular lesions. 
CEL-L( −), FSGS without cellular lesions. * p < 0.05, ** p < 0.01
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mesangial cells, and endothelial cells, which may not pre-
cisely reflect podocyte-specific expression. However, no 
reports indicate increased ITGB1 expression in mesangial or 
endothelial cells in FSGS. Though three cases showed mild 
mesangial cell proliferation, the proportions were minimal 
(case 5: 1/31 glomeruli, case 9: 2/38 glomeruli, case 24: 
1/25 glomeruli). Thus, the observed differences likely reflect 
podocyte expression.

In conclusion, the results of the present study indicated 
the possibility of distinct pathological mechanisms involv-
ing the dynamics of ITGB1 between FSGS with and with-
out CEL-L and the potential involvement of endothelial cell 
injury in the development of CEL-L.
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