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Abstract. Insulin‑like growth factor‑binding protein  7 
(IGFBP7) has been identified as a secreted protein associated 
with a number of cellular processes. However, the specific 
regulatory mechanisms of IGFBP7 on podocytes of diabetic 
nephropathy (DN) are yet to be elucidated. In the present study, 
podocytes were identified initially via an immunofluorescence 
assay using an anti‑synaptopodin antibody. It was subsequently 
demonstrated that glucose promoted podocyte proliferation 
in a time‑ and dose‑dependent manner via MTT assay. In 
addition, IGFBP7 expression was silenced in podocytes via 
siRNA, the effects of which were evaluated using western blot-
ting and reverse transcription‑quantitative polymerase chain 
reaction. It was demonstrated that silencing IGFBP7 inhibited 
apoptosis and epithelial mesenchymal transformation (EMT) 
of podocytes mediated by high glucose (HG). Transforming 
growth factor (TGF)‑β1/mothers against decapentaplegic 
homolog (Smad) signaling was associated with proliferation, 
apoptotic activities and EMT. Therefore, the expression levels 
of TGF‑β1/Smad pathway were detected, and it was observed 
that silencing IGFBP7 suppressed the TGF‑β1/Smad pathway 
in podocytes induced by HG. These findings suggested that 
IGFBP7 may serve as a potential therapeutic target for DN.

Introduction

Diabetic nephropathy (DN) is a microvascular complication 
of diabetes that is clinically characterized by proteinuria (1). 
Previous studies have demonstrated that podocytes have a 
vital role in the induction of proteinuria, which contributes 
to DN  (2‑4). Podocytes are located in the glomerular 

basement membrane outside the glomerular capillaries (5). 
Proteinuria was separated from proteinuria podocytes and 
apoptosisoccursin glomerularbasement membrane  (6,7). 
However, previous studies have demonstrated that podocyte 
detachment and apoptosis occur prior to proteinuria (6,8). It 
has also previously been indicated that podocyte dysfunction 
may serve as a pathway contributing to proteinuria via 
epithelial‑to‑mesenchymal transition (EMT) (9,10). Blocking 
EMT has also been indicated to reverse podocyte apoptosis in 
its early phase (9,11). Thus, these findings may provide a novel 
pathway to alleviate DN.

Podocytes are terminally differentiated visceral epithelial 
cells that are located outside the glomerular capillaries where 
they form the final filtration barrier to protein loss (12‑14). In 
diabetic nephropathy, podocytes injury leads to the disrup-
tion of the filtration barrier and protein leakage. The loss of 
podocytes has been indicated as an important early pathologic 
marker (15‑17). Accumulating evidence suggests that EMT 
is a possible engagement for podocyte depletion in diabetic 
nephropathy. During EMT, epithelial cells are transformed to 
mesenchymal cells in response to injurious stimuli (11,13,16).

Insulin‑like growth factor binding protein 7 (IGFBP7) is 
a member of the IGF binding protein family, and is able to 
regulate cell proliferation, differentiation, angiogenesis, cell 
adhesion and cellular senescence in a variety of cells (18‑23). 
Furthermore, silence of IGFBP7 is associated with poor 
post‑operative survival in various types of cancer, such as 
glioma, liver and colorectal cancer  (24‑27). However, the 
effects of IGFBP7 on apoptosis and EMT of high glucose 
induced‑podocyteshave are yet to be elucidated.

In the present study, podocytes were identified and the role 
of IGFBP7 on cell proliferation, apoptosis and EMT of podo-
cytes mediated by high glucose was analyzed. The expression 
levels of transforming growth factor (TGF)‑β1/mothers 
against decapentaplegic homolog (Smad) pathway were also 
detected, and it was observed that silencing IGFBP7 inhibited 
the TGF‑β1/Smad pathway in podocytes induced by high 
glucose. These findings suggest that IGFBP7 may serve as a 
potential therapeutic target for DN.

Materials and methods

Cell culture. Human podocytes (cat. no. BNCC340460) were 
obtained from the Type Culture Collection of the Chinese 
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Academy of Sciences (Shanghai, China). Podocytes were 
cultured in an incubator (95% humidity, 5% CO2) at 37˚C 
for 48 h in Ham's F12 nutrient mixture‑Dulbecco's modified 
Eagle's medium (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) with 10% fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin‑streptomycin G (Invitrogen; 
Thermo Fisher Scientific, Inc.).

Cell treatment. Podocytes (3x105 cells/ml) were seeded in 
6‑wells plates, and treated with PBS and glucose at 5, 10, 
20, 40, 60, 80 or 100 mM at room temperature. The podo-
cytes were then transferred to the incubator and held for 6, 
12, 24 and 48 h at 37˚C. Negative control small interfering 
(si)RNA (siNC; 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3') 
and siRNA against IGFBP7 (siIGFBP7; 5'‑CAT​CCA​ATT​
CCC​AAG​GAC​AG‑3') vectors were chemically synthesized 
by Shanghai GenePharma Co., Ltd. (Shanghai, China) and 
prepared for transfection. Podocytes were plated in 6‑wells 
plates at a density of 1x106 cells per well. The vectors (50 nM) 
were transfected into podocytes using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h according 
to the manufacturer's instructions. following 48 h transfection, 
experiments were performed.

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA was 
isolated using TRIzol (Invitrogen; Thermo Fisher Scientific, 
Inc.) following the manufacturer's protocol and reverse tran-
scribed to cDNA assay using an miScript II RT kit (Qiagen 
GmbH, Hilden, Germany). The mRNA expression levels were 
measured using the SYBR‑Green PCR Master Mix kit (Takara 
Biotechnology Co., Ltd., Dalian, China). The target genes and 
GAPDH were analyzed by RT‑qPCR using an ABI 7500 system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The ther-
mocycling conditions were as follows: Pre‑degeneration, 90˚C 
for 10 min; (denaturation, 90˚C for 40 sec; annealing, 62˚C for 
35 sec, for 30 cycles) extension, 72˚C for 30 sec. Primers were 
designed as follows: IGFBP7 forward, 5'‑GTG​GCC​CAG​AAA​
AGC​ATG​AA‑3' and reverse, 5'‑AAG​TTG​GGT​ATA​GCT​CGG​
CA‑3'; apoptosis inducing factor (AIF) forward, 5'‑CCC​AAT​
GTT​GAG​TTG​GCC​AA‑3' and reverse, 5'‑AGC​GTG​ATC​ATG​
GTG​CTC​TA‑3'; caspase‑3 forward, 5'‑TTG​CCA​CCT​GTC​
CAG​TTT​TG‑3' and reverse, 5'‑AGG​AGT​GAG​TGG​TCT​TGC​
TC‑3'; caspase‑9 forward, 5'‑GCC​CCA​TAT​GAT​CGA​GGA​
CA‑3' and reverse, 5'‑CAG​AAA​CGA​AGC​CAG​CAT​GT‑3'; 
nephrin forward, 5'‑ACC​GTG​AGC​TCC​TTC​TAT​CG‑3' and 
reverse, 5'‑CAT​TCC​ACA​GAT​GCA​GAG​CC‑3'; phosphory-
lated (p)‑cadherin forward, 5'‑GAG​AAG​GAG​ACA​GGC​TGG​
TT‑3' and reverse, 5'‑GGG​TAA​ACT​TGG​GCT​TGT​GG‑3'; 
fibroblast‑specific protein (FSP)‑1 forward, 5'‑GAG​AAG​GAG​
ACA​GGC​TGG​TT‑3' and reverse, 5'‑GGG​TAA​ACT​TGG​GCT​
TGT​GG‑3'; α‑smooth muscle actin (SMA) forward, 5'‑CTG​
GGG​AGT​TGG​AAG​CAG​TA‑3' and reverse,  5'‑CTG​TTT​
CAC​AAG​CCC​CTC​AC‑3'; Snail forward, 5'‑AGT​GGT​TCT​
TCT​GCG​CTA​CT‑3' and reverse,5'‑GTA​GGG​CTG​CTG​GAA​
GGT​AA‑3'; TGF‑β1 forward,  5'‑GTG​GTG​ATC​ATG​GAA​
GAC​GC‑3' and reverse,  5'‑TTG​TGG​TCA​GGA​TTC​TCG​
CT‑3'; and Smad7 forward, 5'‑TAG​CCG​ACT​CTG​CGA​ACT​
AG‑3' and reverse,  5'‑CAC​TCT​CGT​CTT​CTC​CTC​CC‑3'; 
GAPDH forward, 5'‑GTG​GAG​TCT​ACT​GGC​GTC​TT‑3' and 

reverse,  5'‑CCT​TCC​ACG​ATG​CCA​AAG​TT‑3'. Data were 
quantified applying the 2‑ΔΔCq method (28). The relative mRNA 
expression levels were normalized to GAPDH. 3 independent 
experiments were performed, and the mean data collected was 
calculated.

Western blot analysis. An RIPA buffer (Beyotime Institute 
of Biotechnology, Haimen, China) was used to lyse cells, 
according to the manufacturer's protocol, and a BCA Protein 
Assay kit (Thermo Fisher Scientific, Inc.) was applied to detect 
the protein concentrations. Equivalent proteins (25 µg) were 
separated by 10% SDS‑PAGE and transferred to a polyvinyl 
difluoride (PVDF) membrane (PerkinElmer, Inc., Waltham, 
MA, USA). PVDF membranes were subsequently blocked 
for 2 h at room temperature with 5% non‑fat dry milk and 
incubated with the following primary antibodies overnight at 
4˚C: Anti‑GAPDH (1:2,000; cat. no. ab8245), anti‑IGFBP7 
(1:1,000; cat. no. ab74169), anti‑AIF (1:1,000; cat. no. ab1998), 
anti‑cleaved (c)‑Caspase‑3 (1:1,500; cat. no.  ab13586), 
anti‑c‑Caspase‑9 (1:1,500; cat. no.  ab25758), anti‑nephrin 
(1:1,000; cat. no.  ab58968), anti‑p‑cadherin (1:1,000; 
cat. no.  ab19350), anti‑FSP‑1 (1:2,000; cat. no.  ab40722), 
anti‑α‑SMA (1:1,000; cat. no. ab5694), anti‑Snail (1:1,000; 
cat. no. ab53519), anti‑TGF‑β1 (1:1,000; cat. no. ab92486), 
anti‑Smad7 (1:1,000; cat. no. ab55493), anti‑p‑Smad3 (1:1,000; 
cat. no. ab52903) and anti‑smad3 (1:1,000; cat. no. ab40854; all 
Abcam, Cambridge, UK). Subsequently, the PVDF membranes 
were incubated with secondary antibody [horseradish peroxi-
dase conjugated (HRP) mouse anti‑rabbit immunoglobulin G 
(IgG); 1:5,000; cat. no. sc‑2357; Goat anti‑mouse IgG‑HRP; 
1:6,000; cat. no. sc‑2005; Donkey anti‑goat IgG‑HRP; 1:6,000; 
cat. no. sc‑2020; each Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA] for 1  h at room temperature. The results were 
analyzed using the enhanced chemiluminescence substrate kit 
(GE Healthcare, Chicago, IL, USA) and the automatic chemi-
luminescence image analysis system (Tanon 4200; YPH‑Bio, 
Beijing, China).

Cell proliferation assay. An MTT assay was performed to 
determine the proliferation of podocytes exposed to various 
treatments. The treated cells (3x103 cells/well) were seeded in 
a 96‑well plate and cultured for 6, 12, 24 and 48 h at 37˚C. 
Next, cells were incubated with 20 µl MTT (5 mg/ml) solution 
for 4 h at 37˚C and 10 µl dimethyl sulfoxide (cat. no. 6‑68‑5; 
MOLBASE Biotechnology Co., Ltd., Shanghai, China) was 
added to dissolve the formazan. The absorbance was measured 
at 490 nm using a microplate reader.

Cell apoptosis analysis. Podocytes (5x104 cells/well) were 
seeded in 6‑well plates and cultured at 37˚C for 24 h. Then, 
cells were treated with PBS (Control), siNC, high glucose 
(HG; 60 mM), siNC and HG, or siIGFBP7 and HG for 12 h. 
Cells were subsequently centrifuged (1,000xg, 5 min, 4˚C) and 
fixed for 2 min in 70% (v/v) ethanol on ice. According to the 
manufacturer's protocol, the cells were double‑stained using 
an Annexin V‑fluorescein isothiocyanate/propidium iodide 
kit (BD Biosciences, Franklin Lakes, NJ, USA) for 20 min 
at room temperature in the dark. Samples were immediately 
analyzed for apoptosis using a FACSCalibur flow cytometer 
(BD Biosciences). The data was analyzed by the ModFit 
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LT 2.0 software (Verity Software House, Inc., Tophsham, 
ME, USA).

Immunofluorescence staining. Podocytes (5x104 cells/well) 
were seeded in 6‑well plates and cultured at 37˚C for 12, 24 
and 48 h. Then, cells were washed with PBS and fixed with 
4%  paraformaldehyde at 4˚C for 20  min. The fixed cells 
were washed with PBS for 3 times, and permeabilized with 
0.2% Triton X‑100 for 3 min. Cells were subsequently washed 
with PBS, and blocked with 10% goat serum (Shanghai 
Haoran Biological Technology Co., Ltd., Shanghai, China) 
for 30 min at 37˚C. The anti‑synaptopodin antibody (1:600; 
cat. no. ab220345; Abcam) was used to incubate with the cells 
overnight at 4˚C. Following washing with PBS in triplicate, 
cells were incubated with an Alexa‑Fluor 633‑conjugated 
secondary antibody (1:5,000; cat. no. A20005; ThermoFisher 
Scientific, Inc.) at room temperature for 1 h. DAPI (Thermo 
Fisher Scientific, Inc.) was then added to stain the nuclei at 
room temperature for 15 min. Finally, samples were evaluated 
under fluorescence microscopy (magnification, x200; Olympus 
Corporation, Tokyo, Japan).

ELISA. TGF‑β1 concentration was analyzed using an ELISA 
kit (cat. no. SX01158; Shanghai Senxiong Biotech Industry 
Co., Ltd., Shanghai, China), according to the manufacturer's 
protocol. Podocytes (5x104 cells/well) were seeded in 6‑well 
plates and cultured in at 37˚C for 24 h. cells were then treated 
with PBS (Control), siNC, high glucose (HG; 60 mM), siNC 
and HG, or siIGFBP7 and HG for 12 h at 37˚C. Diluted stan-
dard product (20 µl) was prepared. Enzyme reagent (100 µl) 
was added for 30 min at 37˚C, and subsequently color agent 
(100 µl) was added to plates for 15 min at 37˚C. Finally, the 
reaction was terminated using termination liquid  (50  µl). 

Subsequently, the absorbance (OD value) was measured 
at 450 nm using a microplate reader. A standard curve was 
produced using GraphPad prism  7 software (GraphPad 
Software, Inc., La Jolla, CA, USA) and the different concentra-
tions of samples were obtained by comparing the OD value of 
the samples to the standard curve.

Statistical analysis. Data were analyzed using SPSS 19.0 soft-
ware (IBM Corp., Armonk, NY, USA). Significant differences 
between groups were assessed using one‑way analysis, and the 
post hoc LSD test was performed. Data are presented as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Glucose promotes podocyte proliferation in a time‑dependent 
and dose‑dependent manner. To explore whether glucose is 
associated with the progression and development of podo-
cytes, the expression level of synaptopodin in podocytes 
was measured via immunofluorescence assay. Blue and red 
staining represented the nucleus and synaptopodin, respec-
tively. Results demonstrated that synaptopodin staining at 
48 h was deeper than that of 12 and 24 h. This indicated that 
synaptopodin was highly expressed in podocytes (Fig. 1A). In 
addition, podocytes were treated with PBS and glucose at 0, 
5, 10, 20, 40, 60, 80 and 100 mM for 6, 12, 24 and 48 h. The 
results indicated that the proliferation ability of podocytes 
increased with increasing dosage and time (Fig. 1B).

IGFBP7 silencing in podocytes via siRNA. To further 
determine the exact roles of IGFBP7 in podocytes, IGFBP7 
expression was blocked via transfection with siIGFBP7. 

Figure 1. Glucose promoted podocyte proliferation in a marked time‑ and dose‑dependent manner. (A) Podocytes were cultured at 37˚C for 12, 24 and 48 h. The 
synaptopodin expression was detected using immunofluorescence assay. The cells were visualized under fluorescence microscopy. Blue and red fluorescence 
represents the nucleus and synaptopodin, respectively. (B) MTT assay was performed to measure the proliferation of podocytes treated with PBS and glucose 
at 0, 5, 10, 20, 40, 60, 80 and100 mM for 6, 12, 24 and 48 h. OD, optical density; A, absorbance.

https://www.spandidos-publications.com/10.3892/etm.2018.6298
https://www.spandidos-publications.com/10.3892/etm.2018.6298


CAI et al:  IGFBP7 ROLE ON HIGH GLUCOSE-INDUCED SCS1098

RT‑qPCR and western blotting were then used to verify the 
IGFBP7 knockdown efficiency, and it was. demonstrated that 
IGFBP7 mRNA (Fig. 2A) and protein (Fig. 2B) expression was 
significantly (P<0.001) and markedly downregulated, respec-
tively, in podocytes transfected with siIGFBP7, compared with 
siNC. These results indicated that the efficiency and specificity 
of siIGFBP7 was high.

IGFBP7 silencing inhibits apoptosis of podocytes mediated 
by HG. It wasthen detected whether IGFBP7 serves a role 
in the apoptosis of podocytes mediated by HG via apoptosis 
assay. The results demonstrated that the apoptotic ability was 
significantly increased in the HG group compared with control 
(P<0.001), and that IGFBP7 silencing significantly inhibited 
the apoptotic ability of podocytes induced by HG (P<0.001; 
Fig. 3A and B). In addition, the expression levels of three 

apoptosis‑related genes (AIF, caspase‑3 and caspase‑9) were 
detected using RT‑qPCR and western blotting. It was demon-
strated that AIF, c‑caspase‑3 and c‑caspase‑9 expressions 
were significantly increased in the HG group compared with 
the control group, and that silencing IGFBP7 significantly 
downregulated expression of the three genes in podocytes 
induced by HG (P<0.001; Fig. 3C and D). These data indicated 
that silencing IGFBP7suppresses cell apoptosis of podocytes 
mediated by HG.

Silencing IGFBP7 inhibits EMT of podocytes induced by 
HG. To further investigate whether IGFBP7 participates in 
the process of cell EMT of podocytes, RT‑qPCR and western 
blotting were used to analyze nephrin, p‑cadherin, FSP‑1, 
α‑SMA and Snail expression. It was demonstrated that HG 
inhibited the expression of epithelial markers (nephrin and 

Figure 3. Silencing IGFBP7 inhibited apoptosis of podocytes mediated by HG. Podocytes were treated with PBS (control), siNC, 60 mM glucose (HG), siNC and 
HG, and siIGFBP7 and HG for 12 h. (A) Total apoptotic cells were measured using flow cytometry in treated podocytes. (B) Quantitative analysis of number of 
apoptotic cells. (C) AIF, caspase‑3 and caspase‑9 expression was detected via reverse transcription‑quantitative polymerase chain reaction. (D) Western blot-
ting of AIF, c‑caspase‑3 and c‑caspase‑9. Protein levels were quantified using densitometry. ***P<0.001. IGFBP7, insulin‑like growth factor‑binding protein 7; 
HG, high glucose; siNC, normal control small interfering RNA; siIGFBP7, IGFBP7 small interfering RNA; AIF, apoptosis inducing factor; c, cleaved; PI, 
propidium iodide; FITC, fluorescein isothiocyanate.

Figure 2. IGFBP7 was silenced in podocytes using small interfering RNA. (A) Relative mRNA expression level and (B) protein expression level of IGFBP7 
in podocytes transfected with siNC and siIGFBP7. ***P<0.001 vs. siNC. IGFBP7, insulin‑like growth factor‑binding protein 7; siNC, normal control small 
interfering RNA; siIGFBP7, IGFBP7 small interfering RNA.
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p‑cadherin) and promoted the expression of mesenchymal 
markers (FSP‑1, α‑SMA and Snail), which were reversed by 
silencing IGFBP7 (Fig. 4).

IGFBP7 silencing suppresses the TGF‑β1/Smad pathway in 
podocytes induced by HG. TGF‑β1/Smad signaling is asso-
ciated with antimitotic activities in epithelial tissues  (29). 
An ELISA assay was used to detect TGF‑β1 concentration, 
which indicated that HG significantly increased TGF‑β1 
concentration, compared with controls (P<0.001), and IGFBP7 
silencing significantly decreased TGF‑β1 concentration 
(P<0.05; Fig. 5A). RT‑qPCR and western blotting were then 
performed to measure the expression levels of TGF‑β1 and 
Smad7, which indicated that HG significantly upregulated 
TGF‑β1 expression, and significantly downregulated Smad7 
expression, and that IGFBP7 silencing significantly reversed 
this HG‑mediated regulation (P<0.001; Fig. 5B and C). In 
addition, protein expression levels of p‑Smad3 and Smad3 
were detected, and it was demonstrated that HG significantly 
promoted the phosphorylation of Smad3, and that IGFBP7 
silencing further inhibited the phosphorylation of Smad3 
induced by HG (P<0.001; Fig. 5D).

Discussion

DN is one of the main microvascular complications of diabetes 
mellitus, and it has been identified as a leading cause of end 
stage renal disease in the United States (30,31). Meanwhile, 
DN also is a serious threat to people's health in China (32,33). 
The elucidation of the pathogenesis of DN and the development 
of novel therapeutic measures are of importance for patients 
diagnosed with DN. The pathogenesis of DN is complex, and 
is associated with many factors, including hyperglycemia, lipid 
metabolism disorders, abnormal hemodynamics, inflammatory 
cytokines, oxidative stress and cell apoptosis  (34‑36). 
Following the construction of podocyte cell strains and the 
rising development of biochemical technology, podocytes have 
been increasingly used in research (37,38). Podocyte injury has 
been identified to serve an important role in the pathogenesis 
of DN and is considered as a pivotal factor for inducing 
proteinuria and glomerular sclerosis (5). This provides a novel 
approach for preventing and treating DN.

Podocytes are also known as glomerular visceral epithelial 
cells, which comprise the glomerular filtration barrier with 
a fenestrated endothelial layer and the glomerular basement 

Figure 4. Silencing IGFBP7 inhibited epithelial mesenchymal transformation of podocytes induced by HG. Podocytes were treated with PBS (control), 
siNC, 60 mM glucose (HG), siNC and HG, and siIGFBP7 and HG for 12 h. (A) Reverse transcription‑quantitative polymerase chain reaction was used 
to detect nephrin, p‑cadherin, FSP‑1, α‑SMA and Snail expression in treated podocytes. Nephrin, p‑cadherin, FSP‑1, α‑SMA, and Snail expressions 
were analyzed via (B) western blotting and (C) quantified. **P<0.01; ***P<0.001. IGFBP7, insulin‑like growth factor‑binding protein 7; HG, high glucose; 
siNC, normal control small interfering RNA; siIGFBP7, IGFBP7 small interfering RNA; p, phosphorylated; FSP‑1, fibroblast‑specific protein‑1; α‑SMA, 
α‑smooth muscle actin.
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membrane (5). Podocytes are highly differentiated cells and 
have a limited proliferative ability (39). When the number 
of exfoliative cells exceeds that of proliferative cells, the 
glomerular filtration barrier is destroyed, which leads to 
massive proteinuria, excretion of collagen IV by podocytes, 
and ultimately glomerular sclerosis  (40). Hyperglycemia, 
angiotensin II, lipid metabolism disorder, oxidative stress and 
inflammatory cytokines stimulate podocytes to be dysfunc-
tional and impaired (41). Podocytes also have a variety of 
specific markers, such as synaptopodin, Wilms tumor protein, 
glomerular epithelial protein‑1, nephrin, podocalyxin, and 
C3b (42). Among them, synaptopodin is a protein coupling 
with actin microfilament, which is located in glomerular 
podocytes and hindbrain synapses (43,44). The present study 
demonstrated that synaptopodin was highly expressed in 

podocytes, and that HG promoted podocyte proliferation in a 
time‑dependent and dose‑dependent manner.

IGFBP7 has binding affinities to IGFs and has been 
demonstrated to either positively or negatively regulate the 
IGF signaling pathway, and serve a crucial role in cell growth, 
differentiation and development in an IGF‑independent 
manner (45). It has also been demonstrated that IGFBP7 serves 
an important role in DN, for example, IGFBP7 is associated 
with the process of human renal proximal tubular epithelial 
cells via Smad2/4 (46). However, the role of IGFBP7 in DN is 
yet to be elucidated. In the present study, IGFBP7 expression 
in podocytes was blocked via transfection with siRNA, which 
reduced the HG‑induced increase of podocyte apoptosis. HG 
also increased AIF, c‑caspase‑3 and c‑caspase‑9 expression, 
which was ameliorated by IGFBP7 silencing.

Figure 5. Silencing IGFBP7 suppressed the TGF‑β1/Smad pathway in podocytes induced by HG. Podocytes were treated with PBS (control), siNC, 60 mM 
glucose (HG), siNC and HG, and siIGFBP7 and HG for 12 h. (A) TGF‑β1 concentration was detected using ELISA. (B) The mRNA expression levels of 
TGF‑β1 and Smad7 were analyzed using reverse transcription‑quantitative polymerase chain reaction. (C) The protein expression levels of TGF‑β1 and Smad7 
were analyzed via western blotting. (D) The protein expression levels of p‑Smad3 and Smad3 were analyzed via western blotting. *P<0.05; ***P<0.001. IGFBP7, 
insulin‑like growth factor‑binding protein 7; TGF‑Smad7 were analyzed via western bloSmad, mothers against decapentaplegic homolog; HG, high glucose; 
siNC, normal control small interfering RNA; siIGFBP7, IGFBP7 small interfering RNA; p, phosphorylated.
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A number of previous studies have suggested that EMT 
serves a role podocyte depletion in DN, which is responsible 
for the onset of proteinuria (47‑49). It has been demonstrated 
that TGF‑β significantly promotes EMT by reducing levels of 
epithelial markers (nephrin and p‑cadherin) and increasing 
mesenchymal marker (FSP‑1) levels  (50,51). Furthermore, 
α‑SMA is also a mesenchymal marker  (52). Snail is a 
pivotal transcriptional factor that participates in initiating 
EMT (11,16,17,53,54). In the present study, it was demon-
strated that HG significantly inhibited nephrin and p‑cadherin 
expressions, and promoted the expressions of FSP‑1, α‑SMA 
and Snail, which was ameliorated by IGFBP7 silencing. This 
suggested that silencing IGFBP7 inhibited EMT of podocytes 
induced by HG.

The cytokines of the TGF‑β family have a number of 
biological effects through different signal transduction 
pathways, among which, the Smad protein family serves an 
important role (55). The process of transmembrane signaling 
depends on the Smad protein family, which regulates expres-
sion of a number of genes  (56). In the present study, the 
expression of TGF‑β1 and its signal transduction elements 
(Smad2/3 and Smad7) was examined, and renal extracellular 
matrix accumulation in the renal tissues of experimental 
diabetes was assessed to further clarify the effects of Smads 
on the development of DN. It was demonstrated that HG 
significantly upregulated TGF‑β1 expression, promoted phos-
phorylation of Smad3 and downregulated Smad7 expression, 
which was ameliorated by IGFBP7 silencing.

In conclusion, the present study indicated that glucose 
facilitated podocyte proliferation in a time‑dependent and 
dose‑dependent manner, and that IGFBP7 silencing inhibited 
apoptosis and EMT of podocytes mediated by HG via 
suppressing the TGF‑β1/Smad pathway. However, it is not yet 
clear how GFBP7 regulates caspases and EMT‑related factors, 
and the specific molecular mechanism of IGFBP7 in the 
apoptosis and EMT of podocytes should be explored in further 
studies. The present study provides further elucidation and a 
theoretical basis for novel diagnostic and treatment options for 
DN.
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