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Focal segmental glomerulosclerosis (FSGS), a common
cause of primary glomerulonephritis, has a poor prognosis and
is pathologically featured by tubulointerstitial injury.
Thrombospondin-1 (TSP-1) is an extracellular matrix protein
that acts in combination with different receptors in the kidney.
Here, we analyzed the tubular expression of TSP-1 and its
receptor integrin b3 (ITGB3) in FSGS. Previously the renal
interstitial chip analysis of FSGS patients with tubular inter-
stitial injury showed that the expression of TSP-1 and ITGB3
were upregulated. We found that the expression of TSP-1 and
ITGB3 increased in the tubular cells of FSGS patients. The
plasma level of TSP-1 increased and was correlated to the
degree of tubulointerstitial lesions in FSGS patients. TSP-1/
ITGB3 signaling induced renal tubular injury in HK-2 cells
exposure to bovine serum albumin and the adriamycin (ADR)-
induced nephropathy model. THBS1 KO ameliorated tubular
injury and renal fibrosis in ADR-treated mice. THBS1
knockdown decreased the expression of KIM-1 and caspase 3
in the HK-2 cells treated with bovine serum albumin, while
THBS1 overexpression could induce tubular injury. In vivo, we
identified cyclo-RGDfK as an agent to block the binding of
TSP-1 to ITGB3. Cyclo-RGDfK treatment could alleviate
ADR-induced renal tubular injury and interstitial fibrosis in
mice. Moreover, TSP-1 and ITGB3 were colocalized in tubular
cells of FSGS patients and ADR-treated mice. Taken together,
our data showed that TSP-1/ITGB3 signaling contributed to
the development of renal tubulointerstitial injury in FSGS,
potentially identifying a new therapeutic target for FSGS.

Focal segmental glomerulosclerosis (FSGS), one common
cause of primary glomerulonephritis, has a high incidence and
a poor prognosis (1). Pathologically characterized by podocyte
injury, FSGS is often accompanied by renal tubulointerstitial
lesions of varying degrees (2). FSGS accounts for 40% of adults
with nephrotic syndromes (3). Podocyte injury is the first event
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that may result in podocyte loss, glomerular matrix accumu-
lation, and glomerular filtration membrane dysfunction, fol-
lowed by tubular injury, interstitial inflammation, fibroblast
accumulation, and interstitial fibrosis (4, 5). It has long been
believed the tubules are the victim of injury. More studies have
shown that renal tubular injury plays a critical part in renal
tubulointerstitial fibrosis and acts as a driving force in the
progression of renal diseases (6). In response to injury, tubular
epithelial cells turn inflammatory and fibrogenic, thus pro-
ducing various bioactive molecules that drive interstitial
inflammation and fibrosis (6–8). Chronic tubulointerstitial
fibrosis has been proven as an independent prognostic factor
of FSGS (9). The tubular injury involves interstitial inflam-
matory infiltration, fibroblast accumulation, and matrix
deposition, contributing to interstitial fibrosis and progression
into kidney failure (10). Therefore, new therapeutic strategies
are in urgent need to prevent or delay renal tubular injury in
FSGS patients.

Thrombospondin1 (TSP-1) belongs to the family of five
glycoproteins encoded by a body of genes. It is released from
activated platelets and many other cell types, such as endo-
thelial cells, smooth muscle cells, kidney mesangial cells, and
tubular cells (11, 12). TSP-1, a 420 to 450 kDa homotrimer of
subunits of approximately 145 kDa, contains several domains
that can interact with specific cell surface receptors/molecules
to modulate cell adhesion, growth, motility, differentiation,
and survival (13, 14). TSP-1 is only expressed in about 1% of
the renal tubular and interstitial areas (tissues) in the normal
human kidneys (11) and it has been shown to interact with
various receptors to drive the development of ischemia-
reperfusion injury (IRI), unilateral ureteral obstruction
(UUO), and diabetic nephropathy (DN) (15–18). However, the
role of TSP1 in nondiabetic proteinuric kidney disease has not
been explored.

In the transcriptome analysis, we have found that the
expression of TSP-1 increases in the tubulointerstitial tissues of
FSGS patients. Once binding to surface receptors, including
integrins, CD36 and CD47, TSP-1 transduces signals from
extracellular to intracellular (19). TSP-1 also employs its
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Role of TSP-1 and its receptor in FSGS
cognate receptor CD47 and integrin-b3 (ITGB3) to regulate
various physiological processes, including immune response,
angiogenesis, cell migration, adhesion, and apoptosis (20).
Blocking the TSP-1/CD47 signaling decreases inflammatory
response (21) and regenerates epithelial cells in several animal
models of acute kidney injury (22). The CD47-blocking anti-
body can ameliorate fibrotic histological changes in mice (23,
24). Li et al. have identified that ITGB3 expression increases in
tubular cells and is positively correlated with fibrosis degree in
chronic kidney disease patients (25). Furthermore, a high level
of plasma TSP-1 is associated with a decline in estimated
glomerular filtration in chronic kidney disease patients (23).
However, the underlying mechanism of TSP-1 in mediating
FSGS-induced renal injury remains unknown.

In this study, therefore, we investigated the role of the TSP-
1/ITGB3 signaling pathway in glomerulosclerosis, renal
inflammation, and fibrosis based on the mouse model of pri-
mary FSGS. Our results suggested that plasma TSP-1 could
serve as a potential biomarker in FSGS and the TSP-1/ITGB3
signaling pathway may be pointed to a new potential thera-
peutic target in FSGS with tubular interstitial injury, even if the
primary glomerular pathology is not attenuated.
Results

TSP-1 expression in renal tubulointerstitial tissues of FSGS
patients

Renal tubulointerstitial tissues from FSGS patients and
controls were microdissected under a stereomicroscope and an
Affymetrix HTA 2.0 microarray was used to profile the gene
expression patterns in the tissues. The CEL files were accessed
through the Gene Expression Omnibus, GSE121211 (26).
Among the differentially expressed genes, the mRNA level of
THBS1 was significantly higher than that in the control group
(Fig. S1). We performed immunohistochemical (IHC) staining
for TSP1 in normal renal tissues adjacent to cancer undergoing
nephrectomy for renal cancer (n = 15) (controls) and on tis-
sues from FSGS patients that presented with tubulointerstitial
injury (n = 56). The FSGS patients were grouped according to
the degree of acute tubulointerstitial injury. Patients’ de-
mographics are described in Table 1. IHC staining showed that
TSP-1 was negative in normal renal tissues, and the expression
Table 1
Baseline characteristics of FSGS population

Characteristic Overall cohort (N = 56) Mild group

Male sex, n 40 17
Age, years 24.5 (19–40.75) 22.5 (19
Duration of AKI (d) 7 (4–10) 7 (4–
Urine protein g/24 h 9.47 (6.47–14.86) 8.53 (6.17
Serum albumin, g/L 19.65 ± 3.12 20.28 ±
Serum creatinine, umol/L 143.21 (99.01–202.44) 99.01 (83.9
Urine NAG, U/(g.Cr) 68.88 ± 31.24 61.76 ±
Urine RBP, mg/L 15.84 ± 12.71 10.63 ±
Serum cholesterol, mmol/L 11.34 (8.79–13.3) 11.61 (9.6
TSP-1 positive rate,% 12.82 + 7.18 14.41 ±

AKI, acute kidney injury; FSGS, focal segmental glomerulosclerosis; NAG, N-acetyl-b- D
a Mild group versus severe group, p < 0.05.
b Moderate group versus severe group, p < 0.05.
c Mild group versus moderate group, p < 0.05.
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of TSP-1 was upregulated in renal tubular epithelial cells in
FSGS patients (Fig. 1, A and B). There was no significant dif-
ference in the positive expression of TSP-1 between the sub-
groups with different degrees of tubulointerstitial injury,
although the positive rate of TSP-1 expression was negatively
correlated with the levels of urine RBP, urine protein, and
serum creatinine (Table S1).
Plasma TSP-1 elevates in FSGS patients

The plasma TSP-1 level increased in patients with CKD,
suggesting a significantly negative relationship with estimated
glomerular filtration (23). To explore the role of TSP-1 in
FSGS with tubulointerstitial injury, we enrolled FSGS patients
(n = 21) and minimal change disease patients (n = 10), and
have measured the TSP-1 concentrations in their platelet-poor
plasma. We observed a significant increase in plasma TSP-1
level with the increase inurinary protein (Fig. 1C) and with
the severity of tubulointerstitial injury (Fig. 1E). The linear
regression analysis demonstrated that TSP-1 expression was
correlated with urinary protein level (Fig. 1D) (r2 = 0.651, p <
0.05) and tubulointerstitial lesion score (Fig. 1F) (r2 = 0.612,
p < 0.05).
TSP-1 expression correlates with progressive tubulointerstitial
injury in adriamycin-induced nephropathy model

We analyzed TSP-1 expression in glomeruli of BALB/c
WT mice at several time points after adriamycin (ADR)-
induced nephropathy. Renal TSP-1 mRNA level increased as
the disease progressed. Urinary albumin levels (Fig. 2A) and
serum albumin, creatinine, urea, and cholesterol levels were
significantly higher in the ADR group than in the control
group (Fig. 2, B–E). Glomerular pathology was accompanied
by prominent tubulointerstitial changes, including tubular
cell with brush border loss, tubular dilation, intraluminal cast
formation, and expansion of the interstitial volume due to
deposition of extracellular matrix (Fig. 2F). Western blot
analysis showed that the expression of renal tubular injury
markers KIM-1 and NGAL and fibrosis marker a-SMA
increased significantly in the renal tissue of ADR nephrop-
athy (Fig. 2G). Quantitative polymerase chain reaction results
showed that the mRNA levels of kidney injury molecule-1,
(N = 22) Moderate group (N = 18) Severe group (N = 16)

14 9
–26.75) 28 (20.5–41.25) 44 (18.25–61.75)a

9.25) 7.5 (2.75–10.25)b 8 (5–15.75)a

–14.12) 10.9 (7.55–15.52) 10.85 (5.88–15.19)
2.73c 18.16 ± 2.75b 20.46 ± 3.57
8–119.34) 156.47 (136.14–205.09)b 217.46 (167.08–325.31)a

35.54 64.27 ± 22.27b 85.51 ± 34.89a

9.93 17.94 ± 10.62 20.96 ± 16.39
–13.36) 10.99 (8.73–15.42) 11.39 (8.42–12.94)
6.18 10.03 ± 6.61 13.78 ± 8.48

-glucosaminidase; RBP, retinol-binding protein; TSP-1, thrombospondin 1.



Figure 1. Expression of TSP-1 in renal tubulointerstitial tissues of FSGS patients. A and B, immunohistochemical analysis of TSP-1 in FSGS patients (n =
56) and normal controls (n =15). TSP-1 was expressed in the renal tubular cells of patients with FSGS. C, platelet-poor plasma was collected and TSP1 levels
were measured by ELISA. Results are graphed by different degrees of proteinuria of podocytopathies (minimal change disease and FSGS). D, correlation
between the level of plasma TSP-1 level and the degree of proteinuria in podocytopathies. E, plasma TSP1 levels are graphed by tubulointerstitial lesion
score. F, correlation between the level of plasma TSP-1 level and the tubulointerstitial lesion score in podocytopathies. For statistical analysis, a two-tailed
Student’s t test was used for B, one-way ANOVA was used for C and E. Pearson’s correlation was used for D and F. *p < 0.05 compared among different
groups. The scale bars represent 50 mm (A). FSGS, focal segmental glomerulosclerosis; TSP-1, thrombospondin 1.

Role of TSP-1 and its receptor in FSGS
neutrophil gelatinase-associated lipocalin, and fibrosis
marker a-smooth muscle actin increased significantly in the
renal tissue of ADR nephropathy (Fig. 2H). IHC staining
showed that the expression of KIM-1, collagen I (Col-I), and
a-SMA in the interstitium increased significantly, but that of
E-cadherin decreased (Fig. 2I). Thus, similar to that in hu-
man FSGS, TSP-1 was also overexpressed in ADR-induced
glomerulosclerosis in mice (Fig. 3, C–F).
J. Biol. Chem. (2024) 300(8) 107516 3



Figure 2. Renal functional impairment and pathology in mice with adriamycin nephropathy. A, albuminuria expressed as ACR (mg/mg) was evaluated
in spot urine samples at baseline and weekly intervals thereafter until week 6 of ADR nephropathy. B–E, plasma levels of albumin (B), creatinine (C), urea (D),
and cholesterol (E) were determined at week 2, 4, and 6 in ADR-treated mice. F, ADR-treated mice developed severe glomerular lesions with segmental to
global sclerosis, tubular injury, and interstitial fibrosis indicated by Periodic acid–Schiff-positive glomerular deposits. G, Western blot analysis of KIM-1, NGAL,
and a-SMA in tubulointerstitial tissues of mice treated with ADR. H, RT-PCR analysis of KIM-1, NGAL, and a-SMA in tubulointerstitial tissues of mice treated
with ADR. I, immunohistochemical staining of KIM-1, COL-1, a-SMA, and E-cadherin in renal tissues of mice treated with ADR. For statistical analysis, one-way
ANOVA was used for A, and a 2-tailed Student’s t test was used for B–E, G, and H. *p < 0.05 compared with control mice. Scale bars, 50 mm (F and I). Col-1,
collagen I.

Role of TSP-1 and its receptor in FSGS
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Figure 3. TSP-1/ITGB3 Signaling is upregulated in tubular cells of ADR-treated mice. A, ITGB3 mainly expressed on renal tubule (from public database:
Tissue expression of ITGB3 - Staining in kidney-The Human Protein Atlas). The scale bars represent 200 mm. B, immunohistochemical staining of ITGB3 in
renal tissues of FSGS patients. C, immunofluorescence staining of TSP-1 and ITGB3 in renal tissues of FSGS patients. D, Western blot analysis of TSP-1 and
ITGB3 in tubulointerstitial tissues of mice treated with ADR. E, RT-PCR analysis of TSP-1 and ITGB3 in tubulointerstitial tissues of mice treated with ADR. F and
G, immunohistochemical and immunofluorescence staining of TSP-1 and ITGB3 in renal tissues of mice treated with ADR. H, double immunofluorescence for
TSP-1 (red) with ITGB3 (green) shows that both proteins are expressed by renal tubulointerstitial injury in FSGS patients. I, double immunofluorescence for
TSP-1 (green) with ITGB3 (red) shows that both proteins are expressed by renal tubulointerstitial injury in renal tissues of mice treated with ADR. For
statistical analysis, two-tailed Student’s t test was used for D and E. *p < 0.05 compared with control mice. The scale bars represent 50 mm (B, C, F–H). The
scale bars represent 20 mm (I). ADR, adriamycin; FSGS, focal segmental glomerulosclerosis; ITGB3, integrin b3; TSP-1, thrombospondin 1.

Role of TSP-1 and its receptor in FSGS
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Role of TSP-1 and its receptor in FSGS
TSP-1/ITGB3 signaling regulates tubulointerstitial injury in
humans with FSGS and ADR-induced nephropathy model

Our transcriptomic analysis has shown that ITGB3 is
significantly upregulated in FSGS patients. ITGB3, also
known as CD61 or GPIIIA, can respond to the stromal and
immune microenvironment and promote cellular senescence
in many types of tumors. The single-cell RNA-seq and IHC
staining of human renal tissues from a public database
(Human Protein Atlas) showed that ITGB3 was mainly
expressed in proximal tubular cells (Fig. 3A). ITGB3
expression also increased in renal tubules in the ischemia-
reperfusion injury model (Fig. S2). Thus, we first deter-
mined the levels of TSP-1 and its receptor ITGB3 in renal
tubulointerstitial tissues from FSGS patients. IHC and
immunofluorescence (IF) staining confirmed that the levels
of ITGB3 and TSP-1 increased in the tubulointerstitial tis-
sues of FSGS patients (Figs. 1A, and 3, B and C). Similar to
that in human FSGS, ITGB3 was upregulated in renal
Figure 4. THBS1 deficiency reduces albuminuria and renal functional impa
WT and THBS1-KO mice treated with ADR. B–E, plasma levels of albumin, creati
mice treated with ADR. F, periodic acid–Schiff staining of renal sections in WT an
and a-SMA in tubulointerstitial tissues of WT and THBS1-KO mice treated with
compared with control WT mice; # p < 0.05 compared with ADR-treated mi
adriamycin; TSP-1, thrombospondin 1.
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tubular epithelial cells of mice with ADR-induced glomer-
ulosclerosis by WB (Fig. 3D) and quantitative polymerase
chain reaction (Fig. 3E), as well as by IHC and IF staining
(Fig. 3, F and G). The IF results supported the colocalization
of ITGB3 and TSP-1 (Fig. 3H).

We therefore inducedADRnephropathy inWTandTSP-1 −/−

mice to compare their phenotypes (Fig. S3). TSP-1 −/− mice
developed significantly less nephrotic-range albuminuria
accompanied by increased plasma albumin levels (Fig. 4B) and
hyper-cholesterolemia comparedwithWTcontrols (Fig. 4,A–E).
Low plasma urea and creatinine levels indicated less renal func-
tional impairment in TSP-1 −/−mice (Fig. 4, C andD). Moreover,
Periodic acid–Schiff staining revealed milder tubulointerstitial
damage in the kidney tissues in TSP-1 −/− mice, which was par-
alleled by reduced renal expression of tubular injury and inter-
stitial fibrosis markers (Fig. 4, F and G). Together, TSP-1
deficiency ameliorated functional and structural tubulointer-
stitial injury in ADR models.
irment in mice with ADR nephropathy. A, level of Albuminuria (ug/mg) in
nine, urea, and cholesterol were determined at week 6 in WT and THBS1-KO
d THBS1-KO mice treated with ADR. G, Western blot analysis of TSP-1, KIM-1,
ADR. For statistical analysis, one-way ANOVA was used for A and B. *p <0.05
ce. Original magnifications: ×200, the scale bars represent 50 mm (F). ADR,



Role of TSP-1 and its receptor in FSGS
TSP-1/ITGB3 signaling induced renal tubular injury in HK-
2 cells

Human renal tubular (HK-2) cells were cultured and
treated in vitro. Bovine serum albumin (BSA) can be used to
induce in vitro damage on renal tubular epithelial cells ((27,
28)). WB revealed that the expression of KIM-1 and cleaved
caspase 3 increased following BSA stimulation (Fig. 5, A and
B), which was further supported by the IF of KIM-1 and the
apoptosis assay (Fig. 5, C and D). The high expression of TSP-
1 and ITGB3 was confirmed by WB, quantitative polymerase
chain reaction, and IF (Fig. 5, E–G). Therefore, we investi-
gated whether THBS1 is involved in the progression of renal
tubular injury. We silenced THBS1 expression in HK-2 cells
transfected with siRNA (Fig. 6, A and B). WB revealed that
the expression of KIM-1 and caspase-3 was significantly
decreased in the HK-2 cells treated with BSA (Fig. 6C) and
the apoptotic rate decreased (Fig. 6D). In addition, we
transfected HK-2 cells with a THBS1-expressing plasmid.
The expression of TSP-1 and KIM-1 was significantly upre-
gulated in TSP-1–overexpressed cells treated with BSA
(Fig. 6, E–G). As an extracellular matrix protein, TSP-1 can
be secreted to bind to receptors or ligands on the cell
membrane, thus activating downstream pathways. Therefore,
we directly stimulated HK-2 cells with recombinant human
TSP-1 protein (rTSP-1). Consistent with the results in BSA-
stimulated HK-2 cells, the expression of KIM-1 was signifi-
cantly increased in HK-2 cells stimulated by rTSP-1 (Fig. 6H).
The co-immunoprecipitation (CO-IP) results supported the
colocalization of ITGB3 and THBS1 (Fig. 6I). These results
suggested that TSP-1/ITGB3 signaling might induce renal
tubular injury.
Inhibiting ITGB3 by cyclo-RGDfK attenuates tubulointerstitial
injury in the mouse model of ADR-induced nephropathy

To further confirm the effect of ITGB3 inhibition (cyclo-
RGDfK), another modified ADR-induced nephropathy model
was established through treatment with the cyclo-RGDfK
(Fig. S4). We found that the urinary albumin level decreased
significantly in the cyclo-RGDfK group (Fig. 7A). The serum
albumin level significantly increased, and the serum albumin,
creatinine, urea, and cholesterol levels decreased significantly
compared with those in the control group (Fig. 7, B–E). Pe-
riodic acid–Schiff and Masson staining showed reduction of
renal tubular injury and fibrotic lesions in the cyclo-RGDfK
group (Fig. 7F ). IHC and WB analyses revealed that the in-
hibition of the TSP-1/ITGB3 signaling pathway attenuated the
tubulointerstitial injury in the ADR model, and that the
expression levels of ITGB3, KIM-1, Col-1, a-SMA, and F4/80
were also significantly decreased in the cyclo-RGDfK group
(Fig. 7, G and H). Quantitative reverse transcriptase PCR
showed significantly decreased mRNA expression of renal
injury and inflammation markers (KIM-1, NGAL, Col-I, a-
SMA, fibronectin, transforming growth factor b, IL-6, and IL-
1b) (Fig. 7I). These findings indicated that cyclo-RGDfK may
represent a targeted approach to alleviate tubular cell injury
and kidney fibrosis.
Inhibiting ITGB3 by cyclo-RGDfK attenuates renal tubular
injury in HK-2 cells

Based on the result of in vivo models, we found that the
TSP-1/ITGB3 signaling pathway may be involved in the
development and progression of renal tubulointerstitial injury
in FSGS. We further examined the role of the TSP-1/ITGB3
signaling pathway in renal tubular injury in vitro. We
silenced ITGB3 expression in HK-2 cells transfected with
siRNA (Fig. 8, A and B). Then WB revealed that when ITGB3
expression was silenced, the expression levels of TSP-1 and
KIM-1 were significantly decreased in the HK-2 cells treated
with rTSP-1 (Fig. 8C) and BSA (Fig. 8D) after transfection with
ITGB3 siRNA. Furthermore, the ITGB3 inhibitor cyclo-
RGDfK significantly prevented the upregulation of KIM-1
and a-SMA in HK-2 cells treated with rTSP-1 (Fig. 8E).
These results suggested that silencing ITGB3 and using cyclo-
RGDfK to prevent the binding between TSP-1 and ITGB3 can
attenuate injury in renal tubular epithelial cells.
Discussion

The annual incidence of FSGS has continued to rise globally
(29). FSGS is often characterized by renal tubulointerstitial
injury, which may co-occur with podocyte injury. FSGS pro-
gresses into kidney failure within 5 to 20 years in about 30 to
50% of patients (30). The tubulointerstitial injury could lead to
more serious renal dysfunction than glomerular injury. At
present, most treatments for FSGS continue to focus on
podocytes, but with poor effects. Therefore, new therapeutic
targets for renal tubulointerstitial injury in FSGS remain to be
explored.

Several studies have shown that TSP-1 is mainly expressed
in the tubulointerstitial area of the kidney, and it is also found
that TSP-1 is highly expressed in the tubulointerstitial area of
the kidney through ischemia-reperfusion model (15), UUO
model (17), and diabetic nephropathy model (31). Moreover,
TSP-1 has been observed to activate podocytes in the FSGS
group, compared with the control group (32). TSP-1 expres-
sion is also prominent in the sclerotic lesions in the remnant
kidney affected by glomerular and tubulointerstitial fibrosis
(33). In this study, we observed the expression of TSP-1 in the
renal tubulointerstitial of the renal tissue with FSGS patients
and ADR nephropathy, which is activated in the renal tubu-
lointerstitial and appears to be involved in the development of
FSGS.

In the study, the expression of TSP-1 in the renal tissue was
significantly higher in FSGS patients with tubulointerstitial
injury than in the control group, but the expression level of
TSP-1 was negatively correlated with the degree of urinary
proteinuria. This suggests that the expression of TSP-1 in-
creases in the early stage of renal tubular injury in FSGS. It is
speculated that the increased expression of TSP-1 in the early
stage causes renal tubular injury and further activates the
downstream pathway to aggravate the damage. With the
aggravation of fibrosis, the expression of TSP-1 does not in-
crease markedly. We also explored the role of plasma TSP-1 in
FSGS with tubulointerstitial injury. We observed that plasma
J. Biol. Chem. (2024) 300(8) 107516 7



Figure 5. Induction of the damage of renal tubular epithelial cells in BSA-treated HK-2 cells. A and B, Western blot analysis of caspase 3, cleaved
caspase 3, and KIM-1 in HK-2 cells exposed to BSA (10, 20, 50 mg/ml) for 24 h. C, immunofluorescence staining of KIM-1 in HK-2 cells exposed to BSA
(20 mg/ml) for 24 h. D, incubation with BSA (10, 20 mg/ml) for 24 h induced apoptosis of HK-2 cells by flow cytometry. E, RT-PCR analysis of TSP-1 and ITGB3
in HK-2 cells exposed to BSA (10, 20 mg/ml) for 12 and 24 h. F, Western blot analysis of TSP-1 and integrinb3 (ITGB3) in HK-2 cells exposed to BSA (10, 20,
50 mg/ml) for 24 h. G, double immunofluorescence for TSP-1 (green) with ITGB3 (red) shows that both proteins are expressed in HK-2 cells exposed to BSA
(20 mg/ml) for 24 h. For statistical analysis, one-way ANOVA was used for B, E, and F. *p < 0.05 compared with control cells. Original magnifications: ×400,
the scale bars represent 50 mm (C and G). BSA, bovine serum albumin; TSP-1, thrombospondin 1.
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Figure 6. TSP-1 aggravated HK-2 cells injury by combined with ITGB3. A and B, verification of THBS1 knockdown in HK-2 cells. RT-PCR analysis of THBS1
(A) and Western blot analysis of TSP-1 (B) in HK-2 cells treated with THBS1-siRNA. C, Western blot analysis of TSP-1 and KIM-1 in HK-2 cells treated with
THBS1-siRNA exposed to BSA (20 mg/ml) for 24 h. D, THBS1 knockdown effect the apoptosis of HK-2 cells exposed to BSA (20 mg/ml) for 24 h by flow
cytometry. E, RT-PCR analysis of THBS1in HK-2 cells treated with THBS1 plasmid. F, Western blot analysis of TSP-1 and KIM-1 in HK-2 cells treated with THBS1
plasmid. G, Western blot analysis of TSP-1 and KIM-1 in HK-2 cells treated with THBS1 plasmid exposed to BSA (20 mg/ml) for 24 h. H, Western blot analysis
of TSP-1 and KIM-1 in HK-2 cells exposed to rTSP-1 (1 ug/ml) and BSA (20 mg/ml) for 24 h. I, IP analysis of the binding between TSP-1 and ITGB3 in HK-2 cells
treated with rTSP-1 (1 ug/ml). For statistical analysis, one-way ANOVA was used for A–G. *p < 0.05 compared with control cells. # p < 0.05 compared with
cells exposed to BSA. BSA, bovine serum albumin; Col-1, collagen I; ITGB3, integrin b3; IP, immunoprecipitation; rTSP-1, recombinant human TSP-1 protein;
TSP-1, thrombospondin 1.

Role of TSP-1 and its receptor in FSGS
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Figure 7. Effect of ITGB3 inhibition by cyclo-RGDfK on the tubulointerstitial injury of ADR-treated mice. A, level of albuminuria (ug/mg) in ADR- and
cyclo-RGDfK–treated mice. B–E, serum levels of albumin, creatinine, urea, and cholesterol were determined at week 6 in mice treated with ADR and cyclo-
RGDfK. F, PAS and Masson staining of renal sections in mice treated with ADR and cyclo-RGDfK. G, immunohistochemical staining of TSP-1, ITGB3, KIM-
1, E-cadherin, COL-1, a-SMA, and F4/80 in tubulointerstitial tissues of mice treated with ADR and cyclo-RGDfK. H, Western blot analysis of TSP-1, ITGB3,
KIM-1, NGAL, E-cadherin, a-SMA, and COL-1 in tubulointerstitial tissues of mice treated with ADR and cyclo-RGDfK. I, RT-PCR analysis of THBS1, ITGB3, NGAL,
KIM-1, a-SMA, IL-6, TGF-b, IL-1b, COL-1, and fibronectin in tubulointerstitial tissues of mice treated with ADR and cyclo-RGDfK. For statistical analysis, one-
way ANOVA was used for A, B, H, and I. *p < 0.05 compared with control mice. # p <0.05 compared with ADR-treated mice. Original magnifications: ×200,
the scale bars represent 50 mm (F and G). ADR, adriamycin; BSA, bovine serum albumin; Col-1, collagen I; ITGB3, integrin b3; TGF-b, transforming growth
factor-b; TSP-1, thrombospondin 1.
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Figure 8. Effect of ITGB3 inhibition by cyclo-RGDfK on HK-2 cells injury. A, verification of ITGB3 knockdown in HK-2 cells. RT-PCR analysis of ITGB3 (A)
and Western blot analysis of integrinb3 (B) in HK-2 cells treated with ITGB3-siRNA. C, Western blot analysis of integrinb3, TSP-1, and KIM-1 in HK-2 cells
treated with ITGB3-siRNA exposed to rTSP-1 (1 ug/ml) for 24 h. D, Western blot analysis of integrinb3, TSP-1, and KIM-1 in HK-2 cells treated with ITGB3-
siRNA exposed to BSA (20 mg/ml) for 24 h. E, Western blot analysis of integrinb3, TSP-1, KIM-1, and a-SMA in HK-2 cells treated with cyclo-RGDfK (0.5 uM)
and rTSP-1 (1 ug/ml) for 24 h. For statistical analysis, one-way ANOVA was used for A–C. *p < 0.05 compared with control cells. # p < 0.05 compared with
cells exposed to BSA (20 mg/ml) or rTSP-1 (1 ug/ml). BSA, bovine serum albumin; Col-1, collagen I; rTSP-1, recombinant human TSP-1 protein; TSP-1,
thrombospondin 1; ITGB3, integrin b3.

Role of TSP-1 and its receptor in FSGS
TSP-1 level rose significantly with urinary protein and posi-
tively correlated with tubulointerstitial lesion score. Our result
suggested that plasma TSP-1 elevates in FSGS result from
tubulointerstitial injury or secondary vascular damage and
inflammation. These results are also consistent with previous
findings (15, 23). The underlying mechanisms remain to be
investigated in the future. Moreover, we also found that the
expression levels of TSP-1 and its receptor ITGB3 were
increased in FSGS patients with tubulointerstitial injury and
the ADR model. On the other hand, THBS1 knockout devel-
oped less nephrotic-range albuminuria accompanied by
increased plasma albumin levels and low plasma creatinine
levels compared with WT controls. It is shown that TSP-1
deficiency ameliorated functional and structural tubulointer-
stitial injury in ADR models.

FSGS can be treated with efforts to reduce proteinuria,
improve the remission rate, and delay the progression of the
disease. Previous studies on FSGS focus on podocyte injury,
confirming that long-term serious albuminuria can damage
renal tubular epithelial cells, induce renal tubular epithelial cells
to produce various chemokines and inflammatory factors, and
mediate interstitial inflammation and fibrosis (34, 35). Urinary
protein can be controlled to reduce the reabsorption of protein
in renal tubules, and further alleviate renal tubulointerstitial
injury. Therefore, cultured tubular cells exposed to BSA were
used as surrogates for in vivo exposure of tubular cells to al-
bumin in FSGS. In the model of BSA-induced renal tubular
epithelial cell injury, we found that the levels of TSP-1 and
ITGB3 increased in HK-2 cells. IP assay further showed that the
binding between TSP-1 and ITGB3 was enhanced in HK-2 cells
after BSA-induced renal tubular epithelial cell injury. These
suggest that TSP-1 and its receptor may play an important role
in exerting its pathogenic role, and selective TSP-1–related
therapy may represent a potential direction in the treatment of
renal tubulointerstitial injury in FSGS. Therefore, an interven-
tion targeting the binding of TSP-1 to ITGB3 may be a new
therapeutic approach.

At present, studies have focused on the role and mecha-
nism of ITGB3 in podocytes, rarely on renal tubular injury.
However, it has been found in some public transcription
databases that the expression of ITGB3 increases in the
tubular tissue of DN, FSGS, and lupus nephritis patients (36).
Li et al. have found that ITGB3 is mainly located in the renal
tubules by using UUO mouse models. It has been found that
ITGB3 overexpression could induce p53 pathway activation
and secretion of transforming growth factor b, resulting in
J. Biol. Chem. (2024) 300(8) 107516 11
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senescent and profibrotic phenotype change in tubular cells.
ITGB3 antagonist (ISL) could inhibit ITGB3, which, in turn,
attenuated cellular senescence and renal fibrosis (25). How-
ever, how ITGB3 induces renal tubulointerstitial injury in
FSGS is still unclear. Here, for the first time, we found that
ITGB3 and TSP-1 may be involved in the pathogenesis of
FSGS renal tubulointerstitial lesions.

TSP-1 combines with its receptor ITGB3 to regulate an
array of pathological processes, such as inflammatory
response, apoptosis, and tumor angiogenesis ((37–39)). The
binding of TSP-1 with its receptor ITGB3 can activate the
downstream transforming growth factor b signaling pathway
to initiate the development of breast tumors (40). The
expression levels of TSP-1 and its receptor ITGB3 increase
under hypoxia, and TSP-1–neutralizing antibodies or ITGB3
inhibitors can inhibit cell migration and subsequent progres-
sion of atherosclerotic disease (41). The TSP-1/ITGB3 com-
plex may also be involved in vascular endothelial lesions in
patients with kidney failure (42). In kidney diseases, the ITGB3
inhibitor cyclo-RGDfk can alleviate lipopolysaccharide-
induced kidney injury and proteinuria in DN (43, 44). In the
beginning, cyclo RGDfk was used to treat the classic ADR
model, and it was found that there was a significant decrease in
urinary protein in the third week (Fig. S5) and mild renal
tubular injury, which may be due to the inhibition on podocyte
ITGB3 expression and the alleviation on podocyte injury.
Therefore, we established the modified ADR-induced ne-
phropathy model according to the reference (45, 46), which
could maintain a high degree of proteinuria and damage to
tubulointerstitial tissues. In the present study, the level of
urinary protein did not increase until week 5, which may be
related to the fact that reabsorption increases as tubular
damage subsides. Our results showed that cyclo-RGDfk could
improve renal function and reduce renal tubular injury and
renal interstitial fibrosis in ADR mice. The mRNA and protein
levels of KIM-1, NGAL, Col-1, and a-SMA decreased, and the
number of F4/80 positive cells decreased in the renal inter-
stitium. In the in vitro model, our result showed that silencing
ITGB3 or treating with ITGB3 inhibitor cyclo-RGDfK pre-
vented the binding between TSP-1 and ITGB3, thus attenu-
ating renal tubular epithelial cell injury. Furthermore, we
confirmed the interaction between TSP-1 and ITGB3 by co-IP
experiments, indicating that blocking the binding of TSP-1 to
ITGB3 may attenuate renal tubulointerstitial injury.

In conclusion, TSP-1 is suggested to mediate renal tubu-
lointerstitial injury in FSGS by binding to its receptor ITGB3.
Blocking the binding of TSP-1 to ITGB3 can alleviate renal
tubulointerstitial injury and interstitial fibrosis, which may
serve as a new therapeutic target for FSGS. Further studies will
explore whether the application of this treatment leads to
improved patient outcomes.
Experimental procedures

Human samples

Eight FSGS patients who underwent renal biopsies at
Jingling Hospital were recruited for tubulointerstitial
12 J. Biol. Chem. (2024) 300(8) 107516
transcriptome analysis. The other 56 FSGS patients were
enrolled for the validation study. Control tissues were obtained
from the unaffected portion of surgical nephrectomies and
were confirmed to be normal through light microscopic
analysis.

Renal specimens were kept in the Renal Biobank of the
National Clinical Research Center of Kidney Diseases at Jin-
ling Hospital. Informed consent was obtained from each
participant.

Plasma TSP1 measurement

Samples were collected from the Renal Biobank of the Na-
tional Clinical Research Center of Kidney Diseases, Renal
Biobank of Jiangsu Provincial Science and Technology Re-
sources Coordination Service Platform. All subjects provided
written consent. Patients (n = 31) diagnosed with podocyt-
opathy were recruited and did not have an intercurrent illness
or acute kidney injury. Blood was collected into EDTA tubes
without a tourniquet using a 23-gauge needle and placed
immediately on ice. Platelet-poor plasma was generated by
centrifugation at 2500 rpm for 15 min at 4 �C without brake
and then stored a −80 �C until analysis. Plasma TSP1 con-
centration was determined by ELISA (DTSP10, R&D systems).

Reagents and materials

The following antibodies were used in this study: antibodies
against TSP-1 (MA5-13398), from Invitrogen; antibodies
against TSP-1 (ab85762), TIM 1 (ab47634), and NGAL
(ab63929) from Abcam; and antibodies against F4/80 (sc-
377009) from Santa Cruz Biotechnology; antibodies against
TIM 1（ab47635）from R&D Systems; antibodies against
integrin-b3 (13166), collagen alpha-1 (I) chain (72026), cleaved
caspase-3 (9661), and E-cadherin (24E10) from Cell Signaling
Technology; antibodies against integrin-b3 AP5 (EBW107)
from Kerafast, Inc; antibodies against TIM-1 from NOVUS
Biologicals; antibodies against F(a-SMA) (GTX100034) from
Gene Tex; and antibodies against GAPDH (60004-1-Ig) from
Proteintech.

The following reagents were used in this study: rTSP-1
(3074-TH, R&D systems); cyclo-RGDfK (S7834, Selleck); hu-
man doxorubicin hydrochloride (D1515, Millipore Sigma);
BSA (A8806, Sigma).

Cell culture, transfection, and treatments

HK-2 cells were purchased from the American Type Culture
Collection. Cells in passages 2 to 6 were used for experiments.
Immortalized tubular epithelial cells (HK-2) were cultured in
Dulbecco’s modified Eagle’s medium/F12 medium supple-
mented with 10% fetal bovine serum and incubated at 37 �C
with 5% CO2. After synchronization, cells were treated with
varying quantities of BSA, 1 ug/ml rTSP-1 (R&D Systems), or
cyclo-RGDfK (S7834, Selleck). HK2 cells in 6-well plates were
ready for transfection. For transfection of THBS1 plasmids or
shRNA, ITGB3 shRNA, Lipofectamine 3000 (Thermo Fisher
Scientific), and jetPRIME in vitro DNA & shRNA transfection
reagent (pt-114-15, PolyPlus Transfection) were used
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according to the manufacturer’s instructions. Cells were har-
vested at 48 h after transfection.

Animals

We performed all animal care and experiments according to
the guidelines of the Institutional Animal Care and Use
Committee at Jinling Hospital of Nanjing University.

Male inbred BALB/c mice weighing 22 to 25 g and aged
8 weeks and THBS1 KO transgenic mice were purchased and
validated from Nanjing GemPharmatech Company and given
free access to water and food and provided a 12/12 h light/dark
cycle. All experimental procedures were approved and con-
ducted in accordance with the institutional guidelines for an-
imal care.

Male BALB/c mice were injected with 11 mg/kg ADR
(Millipore Sigma) in the tail vein at days 0 and 14 (45) and
sacrificed 6 weeks after injection (26, 47). To investigate the
role of ITGB3 in the TSP-1 signaling pathway, we intraperi-
toneally injected the mice with cyclo-RGDfK (Selleck)
(2 mg/kg body weight, dissolved in PBS) or PBS once daily
starting from day 14 after the last ADR injection to day 1
before the analyses (week 6) (Fig. S4) (43, 44). THBS1 KO and
C57BL/6 control mice were assigned to receive a single
intravenous injection of ADR (11 mg/kg, Millipore Sigma) and
sacrificed at 6 weeks after injection. The mice were anes-
thetized with sodium pentobarbital (50 mg/kg intraperitone-
ally), and kidney tissue and blood samples were collected for
further experiments. Mouse tubulointerstitial fractions were
obtained from the kidney cortex using established methods
(48).

Urinary albumin and creatinine levels in the mice were
measured using Albuwell M (Exocell) and QuantiChrom
Creatinine Assay Kit (Bioassay systems) according to the
manufacturer’s instructions. The results were presented as
albumin/creatinine ratio (ACR, mg/mg). Plasma values for al-
bumin, cholesterol, creatinine, and urea were measured with
an enzymatic method and expressed in millimoles per liter.

Cell apoptosis

The apoptosis of HK-2 cells induced by BSA was examined
using the Annexin V-FITC/PI Apoptosis Detection Kit by flow
cytometry according to the manufacturer’s protocol (A211-
01，Vazyme). The cells were immediately analyzed with the
flow cytometer mentioned above.

Western blotting analysis

Tissues or cells were extracted in a commercial radio-
immunoprecipitation assay lysis buffer. The bicinchoninic acid
assay Protein Kit (Beyotime) was used to quantify protein
concentration. After loading samples on 4 to 12% SDS-PAGE
gels, the resolved proteins were transferred onto nitrocellulose
membranes (Millipore). The membranes were incubated
overnight at 4 �C using antibodies against TSP-1 (1:200),
ITGB3 (1:1000), KIM-1 (1:500), Col-1 (1:1000), caspase 3
(1:2000), a-SMA (1:2000), E-cadherin (1:1000), GAPDH
(1:10,000), and b-actin (1:5000) and then incubated with
secondary antibodies (1:5000, Proteintech) for 2 h at 37 �C.
After washing with Tween, the protein bands were visualized
by enhanced chemiluminescence plus the chemiluminescence
substrate method. ImageJ software v1.8.0 (National Institutes
of Health, Bethesda, MD) was used for relative protein
quantification.

Co-IP assay

For the Co-IP assay, HK-2 cells were lysed with IP buffer
containing 10 mmol/L N-ethylmaleimide and a mixture of
mammalian protease inhibitors and phosphatase inhibitors
(Sigma-Aldrich) on ice. Protein G Sepharose beads (Med-
ChemExpress) were incubated with 10 ml of anti-TSP-1 (1 mg/
ml) for 4 h at 4 �C with constant shaking. After washing, the
beads were incubated with the prepared proteins at 4 �C
overnight. Immunoprecipitated proteins were subjected to gel
electrophoresis and analyzed using Western blot.

RNA extraction and real-time PCR

Total RNA was extracted from renal sections and HK-2 cells
using a FastPure Cell/Tissue Total RNA Isolation Kit
(Vazyme). Reverse transcription was carried out with an RT 2
First Strand Kit (the FastPure Cell/Tissue Total RNA Isolation
Kit (Vazyme)). QuantiTect SYBR Green PCR Master Mix
(Applied Biosystems) was used for gene expression level
measurement. The primers for PCR analysis are listed in
Table S2.

IHC staining

IHC was carried out as described previously in paraffin-
embedded tissue sections 4 mm thick. Paraffin-embedded
sections were deparaffinized and rehydrated, and then
repaired at high temperature. The sections were incubated for
1 h at room temperature with primary antibody diluted in 1%
BSA in PBS. Primary antibodies were anti-TSP-1 (1:50,
Abcam), anti-ITGB3 (1:100, Cell Signaling Technology), anti-
F4/80 (1:50, Santa Cruz), anti-KIM-1 (1:100, Abcam), and
anti-a-SMA (1:200, Gene Tex). The staining was visualized
with the polyvalent horseradish peroxidase-diaminobenzidine
detection (1:50, MXB Biotechnologies). The area of versican
expression was quantified by the Image Pro Plus software
(National Institutes of Health, Bethesda, MD).

IF staining

Renal sections or cultured cells were fixed with 4% para-
formaldehyde. Then the renal sections or cells were blocked
with 1% BSA, incubated in primary antibodies, and incubated
overnight at 4 �C. The sections were then incubated with
secondary antibodies (1:100, DAKO) diluted in a blocker for
45 min.

Statistics

All data were expressed as the means ± SD or medians
(interquartile range). The data from multiple groups were
analyzed with one-way ANOVA followed by Tukey’s post hoc
J. Biol. Chem. (2024) 300(8) 107516 13
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test. Data from two groups were compared by a two-tailed
Student’s t test. Pearson correlation analysis was used to
determine the relationship between plasma TSP-1 and clinic
pathological indicators. Statistical significance was accepted at
values of p <0.05.

Data availability

The data that support this study are available from the
corresponding authors upon request.

Study approval

The study was carried out by the principles of the Decla-
ration of Helsinki and was approved by the ethics committees
of Jinling Hospital (2022DZGZR-143). All participants pro-
vided informed consent. Animals used in this study were
approved by the Institutional Animal Care and Use Committee
of Jinling Hospital (2022DZGKJDWLS-00133).
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