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Abstract
Podocyte apoptosis or loss is the pivotal pathological characteristic of diabetic kidney disease (DKD). Insulin-like growth 
factor-binding protein 2 (IGFBP2) have a proinflammatory and proapoptotic effect on diseases. Previous studies have shown 
that serum IGFBP2 level significantly increased in DKD patients, but the precise mechanisms remain unclear. Here, we found 
that IGFBP2 levels obviously increased under a diabetic state and high glucose stimuli. Deficiency of IGFBP2 attenuated the 
urine protein, renal pathological injury and glomeruli hypertrophy of DKD mice induced by STZ, and knockdown or dele-
tion of IGFBP2 alleviated podocytes apoptosis induced by high concentration of glucose or in DKD mouse. Furthermore, 
IGFBP2 facilitated apoptosis, which was characterized by increase in inflammation and oxidative stress, by binding with 
integrin α5 (ITGA5) of podocytes, and then activating the phosphorylation of focal adhesion kinase (FAK)-mediated mito-
chondrial injury, including membrane potential decreasing, ROS production increasing. Moreover, ITGA5 knockdown or 
FAK inhibition attenuated the podocyte apoptosis caused by high glucose or IGFBP2 overexpression. Taken together, these 
findings unveiled the insight mechanism that IGFBP2 increased podocyte apoptosis by mitochondrial injury via ITGA5/FAK 
phosphorylation pathway in DKD progression, and provided the potential therapeutic strategies for diabetic kidney disease.
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Introduction

Diabetic kidney disease (DKD) is renal structure and func-
tion abnormalities due to chronic microvascular diabetes 
complications, and accounts for 50% of new end-stage 
renal disease (ESRD) [1]. At present, DKD drugs are mainly 
divided into RAS blockers and SGLT2 inhibitors [2], which 
can partially improve the condition of patients, but there 
are still patients who continue to develop disease. New 

therapeutic targets are expected to improve current insuffi-
cient regimen and prevent DKD progress to ESRD. DKD is 
composed of several glomerular changes including glomer-
ular basement membrane (GBM) thickening, foot process 
effacement and podocyte detachment [3].

Podocyte, a type of highly terminally differentiated epi-
thelial cells, which is essential for maintain the glomerular 
structure and function [4]. Podocyte apoptosis or loss dis-
rupts the integrity of the glomerular filtration membrane and 
leads to proteinuria in glomerular diseases [4]. Attention 
should be given to changes that is both podocyte foot process 
effacement and podocyte number reduction the early stage of 
DKD [5–7]. Diabetes-induced podocyte dysfunction is asso-
ciated with inflammation, mitochondrial injury and subse-
quent increase in cellular oxidative stress, which contribute 
to podocyte apoptosis reported by many researches [8–10]. 
Therefore, further discussing the mechanism of podocyte 
injury can be expected to prevent DKD.

Insulin growth factor binding protein family (IGFBPs), 
as a cluster of insulin-like growth factor ligand proteins, had 
been discovered association with diabetes and involving in the 
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physiological processes of several kidney diseases such as glo-
merulosclerosis [11] and acute kidney injury [12]. IGFBP-1 
[13], 3 [14], 4 [15], 5 [16] are associated with the development 
of DKD, and our pervious study shows that IGFBP-5 plays a 
pro-inflammatory role in the pathogenesis of DKD through 
glycolysis in endothelial cells [16]. IGFBP-2 is a secreted pro-
tein with a molecular weight of about 34.8kD [17], which is 
involved in glucose metabolism [18], cell inflammation [19, 
20], cell mobility [21] and cell death [20]. Single cell sequenc-
ing of adult kidney showed that IGFBP2 was mainly expressed 
in podocytes. High expression of IGFBP2 in patients with type 
2 diabetes are associated with decreased estimated glomerular 
filtration rate (eGFR) and increased proteinuria as the disease 
progresses [22]. Thus, IGFBP2 has an important role that was 
also involved to the pathogenesis of podocyte injury in DKD.

Unlike the IGF dependent pathway, IGFBP2 regulates cell 
process through the IGF independent pathway by activating 
Focal adhesion kinase (FAK) phosphorylation with integrin 
signaling [23]. FAK is a non-receptor tyrosine kinase that is 
a key mediator of integrin signaling between different cel-
lular functions [24]. FAK knockout or blocking is reported 
to alleviate podocyte damage induced by lipopolysaccharide 

and anti-GBM nephropathy models [25]. Other study also 
has shown a relationship between integrin/FAK and oxida-
tive stress [26]. These findings strongly suggest that IGFBP2 
promote the development of diabetic complications. How-
ever, the specific mechanism of IGFBP2 on podocyte in 
this context of DKD are not well understood. Above all, we 
hypothesized that IGFBP2 activated podocyte apoptosis by 
regulating mitochondria-induced oxidative stress. Therefore, 
in this study, we aimed to clarify the role of IGFBP2 in dia-
betic renal podocytes and search for potential intervention 
targets to DKD prevention and treatment.

Methods and material

Urine sample

Morning urine was collected from 6 type 2 diabetic mellitus 
and 9 diabetic kidney disease of the Chinese PLA General 
Hospital. The inclusion criteria for 9 patients diabetic kid-
ney disease (male 5 and female 4) were as follows: age of 
over 18 with kidney biopsy support; informed consent. The. 

Fig. 1  IGFBP2 is increased in DKD patients, mouse and podocyte. 
A ELISA analysis of urinary IGFBP2 level from DM(n = 6) and 
DKD(n = 9) patients shown as mean ± SD. B IGFBP2 mRNA was 
analyzed by RT-qPCR in renal tissue of mice with or without STZ 
shown as mean ± SD. n = 5. C, D Representative western blot and 
matched densitometric quantification of IGFBP2 level in renal tis-
sue of mice with or without STZ shown as mean ± SD. n = 5. E 

RT-qPCR analysis of IGFBP2 mRNA expression of podocyte 
with normal glucose (NG) and high glucose (HG) at different time 
points shown as mean ± SEM n = 3. F, G Representative western 
blot analysis and densitometric quantification of IGFBP2 protein 
level of podocyte with normal glucose (NG) and high glucose (HG) 
at different time points shown as mean ± SEM. n = 4. **P < 0.01, 
***P < 0.001, ****P < 0.0001
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Fig. 2  IGFBP2 deletion 
mitigates STZ-induced diabetic 
injury. A Schematic design of 
study.  IGFBP2wt and  IGFBP2null 
mice were injected with STZ 
or citrate buffer and were 
monitored biweekly starting 
at 8 weeks of age. All mice 
were euthanized at 24 weeks 
of age. B, C Measurement of 
blood glucose and body weight 
in -STZ and + STZ mice from 
8 to 24 weeks of age. D Ratio 
of kidney/body weight at the 
day of euthanization. E Urine 
albumin-to-creatinine ratio 
of spot urine over time. F 
Representative images of renal 
tissue stained with periodic 
acid-Schiff. Original magnifica-
tion × 400, Scale bar = 50 μm. 
G, H Quantification of the 
fraction of glomerular volume 
and mesangial area per mouse. 
All data shown as mean ± SD, 
n = 6. **P < 0.01, ***P < 0.001; 
#P < 0.05, ##P < 0.01



1112 Apoptosis (2024) 29:1109–1125



1113Apoptosis (2024) 29:1109–1125 

exclusion criteria were as follow: incomplete medical his-
tory; presence of other types of secondary renal disease and 
hereditary kidney disease; and combined urinary tract infec-
tion, cancer, or pregnancy. Two qualified pathologists rigor-
ously diagnosed slides from kidney biopsy. The informed 
consent form had to be voluntarily signed by all participants 
before enrollment. Morning urine samples were obtained 
from 6 to 9 am, placed on ice and centrifuged at 4500 g 
at 4 °C for 45 min. 1 ml of supernatant was pipetted into 
a new frozen pipe and Protease cocktail inhibitor (Sigma-
Aldrich, St. Louis, MO) was added to protect urine protein 
at a dilution of 1/1000 before storage at − 80 °C. The partici-
pant information is given in Table S1. All experiments were 
conducted in accordance with the Declaration of Helsinki. 
The study protocol was approved by the Ethics Committee 
of the Chinese PLA General Hospital (No. S2017-133-01).

IGFBP2 ELISA

Human urinary IGFBP2 levels were quantified using 
IGFBP2 ELISA. (PeproTech), following the manufacturer’s 
instructions. 100 μl urine supernatant was added to measure 
IGFBP2 concentration. IGFBP2 levels normalized to urine 
creatinine was used to compare between patients with dia-
betes mellitus and DKD.

Mouse model

The IGFBP2 null mouse with FVB background was engi-
neered by Cygen using CRISPR-Cas9 technique, ensuring 
precise gene targeting. Mice were maintained under specific 
pathogen-free conditions, with a controlled temperature 
of 25℃ and a standard diet. All studies involving animals 
were approved by the Ethics Committee of PLA General 

Hospital. PCR genotyping was performed using specific 
primers (sequences provided in Table S2) under defined 
conditions shown in Table S3, targeting the IGFBP2 gene 
mutation. At 8 weeks of age, the male IGFBP2 null and 
wild type (WT) FVB mice were intraperitoneal adminis-
tered with streptozotocin (STZ, S0103, Sigma, USA) dis-
solved in 0.1 M citrate buffer at 50 mg/kg after a 4-h fast 
to standardize metabolic condition for 5 consecutive days. 
Blood glucose was measured at 7 days after the last injec-
tion. The diabetic model was considered successful if mice 
exhibited a random blood glucose level > 16.7 mM over 
consecutive measurements. Body weight, blood glucose 
and random spot urine were monitored every two weeks. 
All mice were euthanized at 16 weeks after STZ or citrate 
buffer injection.

Measurements of urinary albumin and creatinine

Mouse albumin ELISA kit (Bethyl Laboratories, Montgom-
ery, TX, USA) was performed to measure the urine albumin 
concentration. Creatinine colorimetric assay kit (Cayman, 
MI, USA) was performed to detect the urine creatinine lev-
els, following the manufacture’s instruction.

Kidney histology

Kidney samples were fixed in 10% formalin, embedded 
in paraffin, and sectioned to 2 μm thickness. The sections 
were stained with periodic acid–Schiff (PAS) to analyze 
the glomerular area and mesangial matrix expansion as 
previously described [10]. 400 × magnification of light 
microscope was performed to revel and obtain the histo-
pathological image (Olympus, Tokyo, Japan). The mean 
glomerular cross-sectional area by light microscopy was 
used to calculate the mean glomerular volume, as previ-
ously described [10]. The foot process effacement and the 
width of glomerular basement membrane were obtained 
from transmission electron microscope (Hitachi H7650 
Microscope, Japan) and measured using ImageJ software, 
as previously described [10, 27].

Immunofluorescent staining

IGFBP2 and wilms tumor 1 (WT-1) were examined in 
4 μm frozen sections of mouse renal tissues, which then is 
blocked by skinned milk at 1 h and incubated with primary 
antibody overnight at 4 °C, followed by incubation with 
fluorescent secondary antibodies at 37 °C for 2 h in the 
dark. The sections were counterstained and sealed DAPI 
dye and detected by confocal fluorescence microscopy 
(Olympus, Japan).

Fig. 3  IGFBP2 deletion attenuate STZ-induced podocyte injury. A 
Representative image of ultrastructural changes in glomerular base-
ment membrane and podocyte morphology performed by electron 
microscopy shown in  IGFBP2wt and  IGFBP2null mice. Top panel: 
original magnification × 12,000, Scale bar = 2 μm; bottom panel: orig-
inal magnification × 40,000, Scale bar = 500 nm. n = 6. B, C Quanti-
fication of glomerular basement membrane thickness and podocyte 
effacement. n = 6. D Representative images showing TUNEL(Red) 
staining. DAPI(Blue). Scale bars = 50  μm. E Quantification of 
TUNEL/DAPI ratio in  IGFBP2wt and  IGFBP2null mice. n = 6. F Rep-
resentative fluorescence microscopy demonstrating the glomerular 
distribution of IGFBP2(Red) and WT-1(Green). Nuclei stained with 
DAPI(Blue). Arrows indicate cytoplasmic clusters of IGFBP2. Scale 
bars = 50 μm. n = 6. G Quantification of WT-1+ cells in diabetic and 
non-diabetic  IGFBP2wt and  IGFBP2null mice. n = 6. H mRNA lev-
els of TNF-α and ICAM-1 detected by RT-qPCR analysis. n = 5. I, 
J Representative pictures and quantification of cleaved caspase3 
detected by western blotting. n = 5. All data shown as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05, 
##P < 0.01, ###P < 0.001, ####P < 0.0001

◂
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TUNEL assay

The Rapid One Step TUNEL Apoptosis Assay Kit (Key-
GEN) was used to detect apoptotic cells on formalin-fixed 
and paraffin-embedded sections following the manufac-
turer’s instructions. KeyFlour555-conjugated streptavidin 
was used to detect the apoptotic cells, and sections were 
then mounted with DAPI.

Cell culture and pharmacologic compounds

The human podocyte cell line was obtained from Dr. Moin 
Saleem (University of Bristol, UK) and cultured in RPMI 
1640 (Corning) supplemented with 10% FBS, 1% penicil-
lin/streptomycin at a humidified incubator with 5% CO2 
in 33 °C under growth-permissive (GP) conditions or in 
37 °C growth-restrictive (GR) conditions. After 7 to 14-day 
differentiation, podocytes were starved with serum-free 
medium for 6 h, followed by normal glucose (5 mM) or 
high glucose (30 mM) supplement. Recombination human 
IGFBP2(350-06B.USA) was purchased from PeproTech 
and used as an extracellular IGFBP2 stimuli at 125 ng/ml. 
PND1186 (1061353–68, MedChemExpress, China) was 
used as a FAK inhibitor at 0.4 μM for the experiment.

IGFBP2 plasmid and siRNA transfection

Podocyte were transfected with a pIRES2-EGFP expression 
vector encoding IGFBP2 cDNA  (IGFBP2OV) using the Lipo-
fectamine 3000 reagent (Invitrogen). Plasmid DNA (1 μg) 
with 2 μl P3000 reagent and 125 μl Opti‐MEM medium, as 

well as 3 μl of Lipofectamine 3000 and 125μL Opti‐MEM 
medium were added to ~ 70% adherent cells in a 6‐well plate 
and incubated within serum-free medium for 6 h at 37℃ incu-
bator. Small interfering RNA targeting human IGFBP2, and 
ITGA5 were purchased from GenePharma (Shanghai, China). 
Sequences as listed in the Table S4. The siRNA transfections 
for podocyte were performed using Lipofectamine 3000 reagent 
and Opti-MEM medium following the manufacturer’s instruc-
tions. After 48 h transfection, RNA and protein were collected.

RNA extraction and real time PCR

Total RNA was extracted from cells or kidney tissue using 
TRIzol reagent (Invitrogen, Grand Island, NY). 2 μg of RNA 
was used to synthesize complementary DNAs (cDNAs) 
with the PrimeScript IV 1st strand cDNA Synthesis System 
(6215A, TaKaRa, Japan). Real-time PCR was performed with 
PowerUp™ SYBR™ Green mix (A25742, Applied Biosys-
tems, USA), and the relative gene expression was determined 
on a QuantStudio 5 quantitative PCR machine (A28140, ABI 
Biosystems). The 2^-ΔΔCt method was used to determine 
the comparative mRNA level, which were normalized to the 
expression of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) or 18S as reference genes. BGI company (Shenz-
hen, China) synthesized the gene primers shown in Table S5.

Western blotting

Cells and tissue were lysed in RIPA buffer with phenylmeth-
anesulfonyl fluoride (PMSF) (Beyotime Inc, China). Protein 
concentration was normalized using the BCA protein assay 
kit (Thermos, USA). Western blotting was performed by 
loading 20 μg proteins in each lane on 7.5%, 10% and 12% 
SDS‐PAGE gels (Bio-rad laboratories, USA). Nonspecific 
binding sites of the nitrocellulose membrane were blocked 
using 5% skinned milk (BD, MD, USA). After immunoblot-
ting with primary and secondary antibody, the blots were 
imaged using the ChemiDoc Imaging System (Bio‐Rad, 
Hercules, California, USA). Primary antibodies include 
rabbit anti‐pFAKTry397 and FAK (Cell Signaling Technol-
ogy), rabbit anti‐cleaved caspase3 (Abcam, Cambridge, MA 
USA), rabbit anti-IGFBP2 (Proteintech), rabbit anti-ITGA5 
(Proteintech) and mouse anti‐β actin (Proteintech).

Assessment of mitochondrial membrane potential

Mitochondrial membrane potential was assessed by JC-1 
fluorescence dye (beyotine, C2006, China). After treatment, 
podocytes were incubated with 0.5 mL JC-1 and 0.5 mL 
complete culture medium at a 37 ℃ and 5%  CO2 humidified 

Fig. 4  IGFBP2 regulates the podocyte inflammation and apoptosis. 
A RT-qPCR analysis of TNF-α and ICAM-1 mRNA expression on 
podocyte with NG or HG treatment over time. n = 3. B, C Western 
blot analysis and densitometric quantification of cleaved caspase3 
protein level over time. n = 3. D Transfection efficiency of IGFBP2 in 
podocyte interfered with siIGFBP2 under HG condition performed by 
RT-qPCR analysis. n = 3. E, F, G Representative image and quantifi-
cation of IGFBP2 and cleaved caspase3 protein levels performed by 
western blot on podocyte under NG, HG and HG with siIGFBP2 con-
ditions. n = 3. H RT-qPCR analysis of TNF-α and ICAM-1 mRNA 
expression on podocyte under NG, HG and HG with siIGFBP2 con-
ditions. n = 3. I-J Representative graphs and quantification of apopto-
sis rate on podocyte performed by flow cytometry under NG, HG and 
HG with siIGFBP2 conditions. n = 4. K RT-qPCR analysis of TNF-α 
and ICAM-1 mRNA expression on podocyte NG, HG and NG with 
125  ng/ml rhIGFBP2 treatments. n = 3. L-M Representative image 
and quantification of cleaved caspase3 protein levels performed by 
western blot on podocyte under NG, HG and NG with 125  ng/ml 
rhIGFBP2 treatments. n = 3. N–O Representative graph and quanti-
fication of apoptosis rate on podocyte performed by flow cytometry 
under NG, HG and NG with 125 ng/ml rhIGFBP2 treatments. n = 3. 
All data shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; 
#P < 0.05, ##P < 0.01, ###P < 0.001

◂
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incubator for 20 min, washed twice by PBS and resuspended 
in 1 ml of fresh culture medium before measured by Confo-
cal Laser Scanning Microscope (FV3000, Olympus, Japan). 
The maximal absorption/emission of aggregated red form 
is 601/620 nm. The maximal absorption/emission of mono-
meric green form is 529/540 nm.

Measuring mtSOX and ROS production

Briefly, after different treatments, podocyte was harvested 
and incubated with 20  mM mitochondrial superoxide 
(mtSOX) detection dye (MT14, Dojindo, Japan) in serum-
free medium for 30 min, or 5 mM 5-(and-6)-chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester mixed 
isomers (C6827, Invitrogen) in serum-free medium for 40 min 
at 37℃ in the dark. After incubation, samples were washed 
twice with cold PBS, then reveled by Confocal Laser Scan-
ning Microscope (FV3000, Olympus, Japan) (mtSOX: Ex at 
661 nm, Em at 650–750 nm; ROS: Ex at 517 nm, Em at 517-
527 nm), and analyzed using Image J software.

Annexin V/PI apoptosis assay

Annexin V-FITC/PI was obtained from Dojindo. Podocytes 
were collected and incubated with 5 μl Annexin V and 5 μl PI 
solution at room temperature for 15 min in the dark. Cellular 
apoptosis was detected with flow cytometry at an excitation 
wavelength of 488 nm. FITC fluorescence was detected at a 
wavelength of 515 nm, and PI was detected at a wavelength 
of 560 nm.

Co‑immunoprecipitation (CO‑IP) assays

According to standard protocols, 293T cell  transfected 
with IGFBP2-Flag, ITGA5-Myc, Vehicle-Myc or Vehicle-
Flag with HG 48 stimulation were scraped off directly with a 
cell scraper using immunoprecipitation lysis buffer contain-
ing 1 mM PMSF and protease inhibitor. Then, cell was cen-
trifuged at 12,000 × rpm for 15 min at 4 °C, and the superna-
tant was collected, followed by incubation with anti-IGFBP2 
or anti-ITGA5 gentle rocking overnight at 4 °C. The next 
day, protein A/G beads (#sc‐2003, Santa cruz, Shanghai, 
China) was added to each immunoprecipitation mixture with 
gentle rocking 4 h at 4 °C. Then, the mixtures were washed 
five times with cold RIPA with PMSF, and bound protein 
was denatured with 2 × SDS sample buffer. The supernatants 
were collected and proceeded to SDS‐PAGE Western blot-
ting analysis.

Statistical analysis

All data were expressed as the mean ± SD or SEM. Statistically 
significant differences were defined as P < 0.05. Statistical 

analyses were perform using SPSS Statistics 26.0 software 
(version 26.0, SPSS, Chicago, IL, USA) and GraphPad Prism 
software (Vision 9.5, San Diego, CA, USA).

Result

IGFBP2 is increased in DKD patients, mouse 
and podocyte

Morning urinary sample from patients with diabetes mel-
litus (DM) and diabetic kidney disease (DKD) was col-
lected for ELISA test. There were no significant differences 
between gender and age in DM and DKD group. Urinary 
IGFBP2 level was significantly higher among DKD partici-
pants in comparison with DM group (Fig. 1A). We further 
measured IGFBP2 mRNA expression in the STZ-induced 
DN mice and found it was also highly expressed compared 
with that in healthy mice (Fig. 1B). IGFBP2 protein level 
was also expressed at significantly higher in STZ-induced 
DKD mice than that in healthy mice (Fig. 1C-D). Further-
more, we examined the IGFBP2 mRNA and protein expres-
sion under the culture of normal glucose (NG, 5 mM) or 
high glucose (HG, 30 mM) with different time points of 24, 
48 and 72 h on human podocyte. As shown in Fig. 1E–G, 
podocyte exposure to HG showed an elevation of IGFBP2 
mRNA and protein expression in time dependent way, sig-
nificantly increasing in HG48h and 72 h. These results sug-
gest the expression of IGFBP2 was increased in diabetic 
environment, supporting our hypothesis that the possible 
correlation between IGFBP2 and DKD procession.

IGFBP2null mouse retards diabetes‑associated 
glomerulopathy on podocyte

To explore the role of which IGFBP2 induces DKD develop-
ment, we studied DKD development in  IGFBP2null mouse. 
As shown in Fig. 2A, the STZ (50 mg/kg for 5d) or citrate 
buffer intraperitoneal injection were performed on 8-week-
old  IGFBP2wt and  IGFBP2null mouse, and all mouse were 
euthanized at 16  weeks after STZ induction. Although 
IGFBP2 deficiency virtually decreased the albumin-to-cre-
atine ratio of random urine sample in diabetic  IGFBP2null 
mouse compared with those in diabetic  IGFBP2wt mouse 
after 16-week treatment, it did not significantly affect body 
weight, and blood glucose between diabetic  IGFBP2wt and 
 IGFBP2null mouse as well as non-diabetic mouse (Fig. 2B-
C). However, in the diabetic  IGFBP2null mouse, the STZ-
induced kidney hypertrophy shown by kidney-to-body 
weight ratio decreased more than those in diabetic  IGFBP2wt 
mice (Fig. 2D). In the case of albuminuria levels, the albu-
min-to-creatinine ratio (ACR) of random urine samples 
was similar to those of kidney hypertrophy in diabetic mice 
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(Fig. 2E). Additionally, in the renal tissue, the glomerular 
volume and mesangial expansion were markedly attenu-
ated in diabetic  IGFBP2null mice compared with diabetic 
 IGFBP2wt mice (Fig. 2F-G). These findings suggest that 
IGFBP2 deficiency protected elevation of kidney-to-body 
weight ratio and ACR from STZ induction.

Consistently, we found that significantly reduced number 
of foot process and obviously thickened GBM were revealed 
by transmission electron microscopic analysis in diabetic 
 IGFBP2wt mice, while those were alleviated in diabetic 
 IGFBP2null mice (Fig. 3A-C). We evaluated glomerular 
apoptosis in diabetic  IGFBP2wt and  IGFBP2null mouse as 

well as non-diabetic mouse by terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) staining, 
which showed a significant reduction in the number of glo-
merular cells diabetic  IGFBP2null mice (Fig. 3D-E). In con-
trast, a significant increase in TUNEL/DAPI of glomerular 
cells in diabetic  IGFBP2wt mice was observed in comparison 
with non-diabetic  IGFBP2wt mice. The single cell analy-
sis data from public database shows that IGFBP2 is mainly 
located in podocyte. Thus, we subsequently support the loca-
tion of IGFBP2 on podocyte shown by immunofluorescent 
stain (Fig. 3F). Besides that, WT1 staining result confirmed 
deficiency of IGFBP2 could alleviate the decreasing number 

Fig. 5  IGFBP2 regulates mitochondrial damage induced oxida-
tive stress on podocyte. A Representative images and quantification 
of mitochondrial membrane potentials on podocyte under NG, HG 
and NG with 125  ng/ml rhIGFBP2 treatments. Scale bars = 50  μm. 
B Representative images and quantification of mtROS detected by 
MitoSOX Deep Red and cellular ROS detected by CM-H2DCFDA 
on podocyte under NG, HG and NG with 125 ng/ml rhIGFBP2 treat-

ments. Scale bars = 50 μm. C Representative images and quantifica-
tion of mitochondrial membrane potentials on podocyte under NG, 
HG and HG with siIGFBP2 conditions. Scale bars = 50 μm. D Rep-
resentative images and quantification of mtROS and cellular ROS 
on podocyte  under NG, HG and HG with siIGFBP2 conditions. 
Scale bars = 50  μm. All data shown as mean ± SEM. **P < 0.01, 
***P < 0.001, ****P < 0.0001; ##P < 0.01, ###P < 0.001
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of podocytes on diabetic glomeruli (Fig. 3F-G). These find-
ings suggest that IGFBP2 deficiency protected podocyte 
from STZ-induced diabetic injury and delayed the DKD pro-
gression in a great extent. To find the relationship of IGFBP2 
with podocyte in DKD process, we assessed mRNA and 
protein expression of proinflammatory factor and cleaved 
caspase3 in mice. As expected, the mRNA expression of 
TNFα and ICAM-1 significantly increased in diabetic mice, 
while the inflammatory response was attenuated in diabetic 
 IGFBP2null mice (Fig. 3H). Consistent with this finding, we 
confirmed protein expression of cleaved caspase 3 elevated 
in diabetic  IGFBP2wt mouse after 16 weeks STZ injection, 
while this elevation was weakened in diabetic  IGFBP2null 
mice (Fig. 3I-J). Together with, IGFBP2 promotes the devel-
opment and progression of DKD by its possible effect on 
inflammation and apoptosis and prevents diabetic induced 
podocyte injury by IGFBP2 inhibition.

IGFBP2 knockdown reduces renal inflammation 
and apoptosis on podocyte

To verify the potential effect of IGFBP2 on podocyte under 
in vitro high glucose stimulation, we first tested mRNA 
expression of TNFα and ICAM-1, as well as the protein 
levels of cleaved-caspase3 with different time of HG stimu-
lation. Consistent with change of IGFBP2 on podocyte, we 
found a time dependent increase of TNFα and ICAM-1 using 
RT-qPCR analysis, significantly elevation at HG 48 h and 
72 h (Fig. 4A). Similarly, western blotting result showed 
that compared with it in NG group, cleaved-caspase3 levels 
significantly increased in 48 h and 72 h after HG stimulation 
(Fig. 4B-C). Together with the protein levels of IGFBP2 
and cleaved caspase3 as above study shown in podocyte, we 
picked HG48h in further in vitro exploration.

It is mentioned that IGFBP2 knockdown could be a poten-
tial nephroprotective factor, so we silenced IGFBP2 with 
small interference RNA with lipo3000 package in HG stimu-
lation (Fig. 4D). Fortunately, mRNA expression of TNFα and 
ICAM-1, and cleaved caspase3 protein level were downregu-
lated remarkably in HG + siIGFBP2 podocyte as detected 
in mice model (Fig. 4E-H). Moreover, we verified the sig-
nificantly increased early(Q2) and late(Q4) apoptosis in HG 
stimulation with comparison to NG stimulation; in contrast, 
the decreased apoptotic rate in HG + siIGFBP2 podocyte with 
statistical significance, as measured by the FITC, PI flow 
cytometry (Fig. 4I-J). To further determine whether podo-
cyte injury could be induced by IGFBP2, recombinant human 
IGFBP2 (rhIGFBP2, 125 ng/ml) was used to stimulate podo-
cyte. These factors were also increased in NG + 125 ng/ml 
rhIGFBP2 than those in NG group (Fig. 4K-O). As above, it 
suggested that IGFBP2 promote cell inflammation by produc-
ing proinflammatory factors and activating cleaved-caspase3 
in injury podocyte, partially apoptosis could be rescued by 
siIGFBP2 treatment under HG conditions. However, lack of 
study discusses the potential mechanism of IGFBP2 on podo-
cyte during DKD process. Our group pervious study has dem-
onstrated that mitochondria damage induced oxidative stress 
can promote podocyte apoptosis with diabetic induced injury 
[10]. Therefore, we hypotheses that mitochondrial injury and 
oxidative stress are the potential linkage between IGFBP2 and 
podocyte apoptosis.

Thus, to determine whether IGFBP2 levels activate mito-
chondrial injury and oxidative stress and assess its regula-
tion on podocyte apoptosis, three methods were used on 
podocytes: fluorescent staining of JC-1, Mito sox and CM-
H2DCFDA ROS. When podocytes are healthy, mitochon-
dria form JC-1 polymer with high potential and show red 
fluorescence; in contrast, mitochondria produce JC-1 mono-
mer with low potential and show green fluorescence, when 
podocytes are injured. Thus, red to green fluorescence tran-
sition indicates cell death and mitochondrial dysfunction. 
Experiments using the JC-1, Mito sox and ROS staining 
revealed that NG + 125 ng/ml rhBP2 markedly decreased 
the mitochondrial membrane potential and promoted mito-
chondrial superoxide (mtROS) and cellular ROS produc-
tion on podocyte, compared with NG group (Fig. 5A-B). 
Furthermore, we compared levels of mitochondrial damage 
treated with NG, HG, or HG + siIGFBP2 group. Podocyte 
treated with the siRNA interfering IGFBP2 had increased 
mitochondrial potential, decreased fluorescent intensity of 
mtROS, cellular ROS compared to podocyte treated with 
HG (Fig. 5C-D). In contrast, there was no significant dif-
ference in mtROS, cell ROS and apoptosis between cells 
treated with NG and HG transfected with siIGFBP2. 
Together, our results suggest that IGFBP2 has a possible 
effect on regulation of podocyte apoptosis through mito-
chondrial damage, as hypothesized previously.

Fig. 6  IGFBP2 regulates the mitochondrial induced podocyte apop-
tosis by ITGA5/FAK signaling. A Potential interaction between 
IGFBP2 and ITGA5 on 293T cell surface performed by Co-immuno-
precipitation analysis. B, C Representative images and quantification 
of pFAK/FAK detected by western blot on podocyte under NG, HG, 
NG with 125  ng/ml rhIGFBP2 and HG with siIGFBP2 conditions. 
n = 3. D Transfection efficiency of IGFBP2 in podocyte interfered 
with siITGA5 under HG condition performed by RT-qPCR analysis. 
n = 3. E RT-qPCR analysis of TNF-α and ICAM-1 mRNA expres-
sion on podocyte under NG, HG and HG with siITGA5 conditions. 
n = 3. F, G Representative images and quantification of pFAK/FAK 
and cleaved caspase3 detected by western blot on podocyte under 
NG, HG, and HG with siITGA5 conditions. n = 3. H Representative 
images and quantification of mitochondrial membrane potentials on 
podocyte under NG, HG, and HG with siITGA5 conditions. n = 3. 
I Representative images and quantification of mtROS detected by 
MitoSOX Deep Red and cellular ROS detected by CM-H2DCFDA 
on podocyte under NG, HG, and HG with siITGA5 conditions. Scale 
bars = 50 μm. J Representative graphs and quantification of apopto-
sis rate on podocyte performed by flow cytometry under NG, HG and 
HG with siITGA5 conditions. n = 3. All data shown as mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01

◂
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IGFBP2 induces mitochondrial injury and oxidative 
stress through ITGA5/FAK phosphorylation pathway

As previous studies supported, IGFBP2 could bind integrin 
to regulate cell process [28, 29]. However, there is no evi-
dence to prove whether it happens on podocyte apoptosis 
in DKD progress. Therefore, we prepared co-immunopre-
cipitation to determine if IGFBP2 bound to the 293T cell 
surface, and the result revealed IGFBP2 and ITGA5 could 
be reaction with each other (Fig. 6A). Furthermore, since 
ITGA5 could regulate apoptosis via FAK phosphorylation 
signaling [30], we firstly detected ratio of pFAK/FAK in NG, 
HG, NG + 125 ng/ml rhIGFBP2 and HG + siIGFBP2 group. 
Western blot analyses showed a gradual increase in FAK 
phosphorylation at Try397 with time during HG stimulation, 
which was similar with increase in cleaved caspase 3. The 
ratio of pFAK/FAK was increased in HG with different time 
points compared to NG group via western blot analysis, with 
significant increase in HG48h and HG72h (Fig. 6B-C). Like-
wise, podocyte was also stimulated to activate FAK phos-
phorylation in response to 125 ng/ml rhIGFBP2 stimulus 
under NG environment (Fig. 6B-C). Additionally, podocyte 
treated with the siRNA interfering IGFBP2 decreased FAK 
phosphorylation demonstrated by western blot (Fig. 6B-C).

To fully understand the signal mechanism between ITGA5/
FAK, mitochondrial injury, oxidative stress and apoptosis, we 
used above methods to measure FAK phosphorylation, mito-
chondrial membrane potential, mtROS, cellular ROS, proin-
flammation factor mRNA expression and apoptosis on podo-
cyte treated with NG, HG, HG + siITGA5 or HG + PND-1186 
(0.4 μM, FAK inhibitor). The siITGA5 treatment exerted a 
significantly effect of inhibition of FAK phosphorylation, 
elevation of mitochondrial membrane potential and reduc-
tion of mtROS, cellular ROS, proinflammatory factors, and 
apoptosis in HG + siITGA5 group (Fig. 6D-J). Thus, FAK 
phosphorylation could be regulated after IGFBP2 binding to 
ITGA5. Likewise, 0.4 μM PND-1186 significantly alleviated 
HG-induced mitochondrial depolarization, oxidative stress, 
inflammation, and apoptosis (Fig. 7A-F).

To further confirm the mechanism by which IGFBP2 
regulates podocyte apoptosis via ITGA5/FAK signaling, we 
transfected with IGFBP2 overexpression  (IGFBP2OV) vehi-
cle with following treatment of siITGA5 or 0.4 μM PND-
1186. Similar with rhIGFBP2 stimulus,  IGFBP2OV could 
significantly increase podocyte apoptosis via FAK phos-
phorylation, mtROS, cellular ROS and proinflammatory 
factors (Fig. 8). Corresponding with earlier experiment, 
p-FAK/FAK was significantly downregulated after podo-
cyte in treatment with siITGA5 and PND-1186 (Fig. 8B-E). 
Moreover, siITGA5 and PND-1186 treatment showed the 
elevation of mitochondria membrane potential and inhibition 
of mtROS and cellular ROS, TNFα, ICAM-1, and cleaved 
caspase3 at 48 h post  IGFBP2OV transfection compared with 

these in  IGFBP2OV group (Fig. 8B-K). In vivo study, west-
ern blot analysis also showed a decrease in FAK phospho-
rylation at diabetic  IGFBP2null mice than those at diabetic 
 IGFBP2wt mice (Fig. 8L). Taken together, our results pro-
vide mechanistic evidence that podocyte apoptosis could be 
reduced by inhibiting the levels of IGFBP2, ITGA5, FAK 
with PND-1186 during HG stimulation. These indicates that 
IGFBP2 induce podocyte inflammation and apoptosis by 
mtROS and cellular ROS through ITGA5/FAK.

Discussion

Interest in podocyte apoptosis as a source for diabetic kidney 
disease (DKD) has been widely reported [31, 32], but there 
is still lack of specifically target to treat. Here, we found that, 
1) IGFBP2 is highly secreted in urine from DKD patients, 
2) IGFBP2 promotes mitochondrial damage, oxidative 
stress, and inflammation of human podocyte under hyper-
glycemia, 3) the apoptosis of IGFBP2 on human podocytes 
depends on ITGA5/FAK/ROS signaling, and 4) inhibition 
of IGFBP2 alleviates renal damage in vivo and vitro experi-
ment of DKD. IGFBP2 is therefore a target damage factor of 
apoptosis in hyperglycemia renal injury. These observations 
highlight the importance of the IGFBP2/ITGA5/FAK axis in 
overcoming mitochondrial damage, oxidative stress, inflam-
mation and apoptosis suggest that IGFBP2 knockdown and 
FAK dephosphorylation provides a theoretical basis for the 
design of treatment options and targeted drugs.

Although pervious reports showed the potential association 
between IGFBP2 and diabetes mellites, most of these studies 
focused on circulating IGFBP2 as an effector and few focused 
on its effect on glomerulus in DKD [18, 33]. Despite of anti-
diabetic effect of IGFBP2 by improved leptin sensitivity of 
diabetic mouse model [34], our results showed that deleting 
IGFBP2 had a downward trend in diabetic mice without sta-
tistical significance. Consistent with findings in these diabetic 
patients with proteinuria [35], our results showed that IGFBP2 
where it could be expressed and secreted by podocytes, was 
found to significantly increased in urine sample with DKD 
patients. Moreover, inflammation is a crucial step of cell 
apoptosis and has been shown to be regulated by IGFBP2 
[20]. Our results also indicated that elevation of TNFα and 
ICAM-1 level in podocyte contributed to apoptosis that could 
be alleviated by IGFBP2 knockdown. Other research showed 
that inflammation could increase IGFBP2 level with elevation 
of cleaved caspase3 [19], which indicated that inflammation 
could positively feedback to promote IGFBP2 in cell death 
process. However, we only discuss the regulation effect of 
IGFBP2 on proinflammatory factor rather than their com-
munication in podocyte apoptosis. Thus, further research can 
focus on the feedback mechanism of which proinflammatory 
factors and IGFBP2 expression.
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Several researches have shown that mitochondrial injury 
induced oxidative stress is a prominent feature of podocyte 
apoptosis during the procession of DKD [10, 36]. Mito-
chondrial injury induced oxidative stress is association 
with secretion of proinflammatory factors such as TNFα 

and ICAM-1in DKD [37, 38]. Together with these, dia-
betes models have shown oxidative stress in podocyte and 
inhibiting mitochondrial injury can revert podocyte loss and 
proteinuria [37, 39]. Mitochondrial injury increases ROS 
accumulation and apoptotic protein secretion, all of which 

Fig. 7  Inhibition of FAK phosphorylation alleviates mitochondrial 
induced oxidative stress and podocyte apoptosis. A RT-qPCR analy-
sis of TNF-α and ICAM-1 mRNA expression on podocyte under 
NG, HG and HG with 0.4  μM PND-1186(FAK inhibitor) condi-
tions. n = 3. B, C Representative images and quantification of pFAK/
FAK and cleaved caspase3 detected by western blot on podocyte 
under NG, HG and HG with 0.4  μM PND-1186. n = 3.  D Repre-
sentative images and quantification of mitochondrial membrane 
potentials on podocyte under NG, HG and HG with 0.4  μM PND-

1186. n = 3. E Representative images and quantification of mtROS 
detected by MitoSOX Deep Red and cellular ROS detected by CM-
H2DCFDA on podocyte under NG, HG and HG with 0.4 μM PND-
1186. Scale bars = 50 μm. F Representative graphs and quantification 
of apoptosis rate on podocyte performed by flow cytometry under 
NG, HG and HG with 0.4 μM PND-1186. n = 3. All data shown as 
mean ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05, 
##P < 0.01, ###P < 0.001



1122 Apoptosis (2024) 29:1109–1125



1123Apoptosis (2024) 29:1109–1125 

aggravate podocyte apoptosis and promote DKD progress 
[10, 40]. ROS accumulation is the major mechanism of 
podocyte apoptosis during the HG stimulation and mainly 
secreted by mitochondria [37]. Our previous study has 
shown that ginsenoside Rb1 can be used to alleviate podo-
cyte apoptosis and detachment, and to reduce ROS over-
production by inhibiting HG-induced mitochondrial damage 
[10]. Thus, mitochondrial injury could be a potential way to 
maintain the balance of oxidation and anti-oxidation. Our 
results showed that IGFBP2 promoted mitochondrial injury 
and further increased level of cellular oxidant on podocyte. 
After endogenous or exogenous IGFBP2 stimulation, mito-
chondrial injury was found to increase with ROS accumu-
lation and inflammation, which could be alleviated after 
knocking down IGFBP2.

Further exploring IGFBP-2 signaling responses in podo-
cyte, we found an increase in active ITGA5 by HG stimu-
lation, but no difference following endogenous IGFBP2 
treatment. Interestingly, IGFBP2 contains an RGD domain 
(CGG GGG GAC) that can bind to ITGA5 via IGF independ-
ent pathway [41]. Studies have shown that high expression 
of ITGA5 resulting from glucose is involved in the patho-
logical changes such as mesangial expansion and thicken 
of the basement membrane in DKD [42, 43]. In line with 
other cells, the effect of IGFBP2 on cell mobility have 
been attributed to the modulation of ITGA5/FAK [21, 24]. 
Many studies have shown that FAK-mediated mitochondrial 

apoptotic injury regulates ROS production [26, 44]. In 
tumor-associated macrophages, integrin/FAK phospho-
rylation induce increasing mitochondrial ROS production 
by reducing SIRT3 signal transduction [26]. In addition, 
increased FAK-mediated ROS and enhanced apoptosis can 
also be observed in diabetic cardiomyocytes [44]. Moreover, 
there is also evidence that decreased FAK activity occurs in 
diabetic podocyte injury, with increasing podocyte adhesion 
protect against early DKD in vitro and vivo study. However, 
this study showed the f-actin loss with high expression of 
p-FAK, and previous study has demonstrated the apoptotic 
effect of f-actin loss on podocyte [13]. Therefore, in part at 
least, FAK phosphorylation could be a detrimental factor 
referring to its function on mitochondrial oxidative stress 
and loss of cell skeleton. Podocyte apoptosis has been also 
reported to be associated with integrin/FAK signaling [45]. 
Our data showed that FAK phosphorylation was elevated in 
DKD and increased mitochondrial injury, ROS production 
and apoptosis in podocyte. ITGA5 knockdown and inhibi-
tion of FAK phosphorylation not only reversed the increase 
in mitochondrial ROS production but also alleviated podo-
cyte inflammation and apoptosis.

Inhibiting of ITGA5/FAK signaling blocked the effects of 
mitochondrial ROS on podocyte associated with IGFBP2. 
Our result showed the regulating oxidative stress could be a 
treatment to protect against podocyte apoptosis. Future stud-
ies using podocyte-specific IGFBP2 knockout or other glo-
merular diseases mouse model are suggested to fully under-
stand the role of IGFBP2 on podocyte apoptosis. Concordant 
with previous studies, IGFBP2 is discovered to be a possible 
prognostic biomarker in diabetic patients with elevation of 
albuminuria and reduction of GFR. Also, of note, we only dis-
cuss the effects of IGFBP2 on podocyte apoptosis via ITGA5/
FAK/ROS signaling without its function on cell skeleton. Fur-
ther studies are needed to explore the detailed mechanism 
by which IGFBP2 promoted podocyte injury in glomerular 
diseases and confirmed its potential therapeutical function.

In summary, we demonstrated that IGFBP2 regulated 
podocyte apoptosis via ITGA5/FAK/ROS signaling path-
way in DKD progression. A significant elevation in IGFBP2 
in STZ-induced DKD, where it is expressed by podocytes 
and activated proinflammatory factors secretion, facilitates 
mitochondrial-mediated oxidative injury via FAK phospho-
rylation. IGFBP2 knockdown blunted the possible apop-
totic effect of podocyte in DKD. Thus, strategies to silence 
IGFBP2 levels in diabetes could protect podocyte function.
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