
Molecular Medicine REPORTS  20:  5134-5144,  20195134

Abstract. Numerous studies have reported that angiotensin 
(Ang) II, nephrin, and podocin serve pivotal roles in podocyte 
injury, and thus can lead to the occurrence of proteinuria and 
the progression of kidney diseases. This study aimed to inves-
tigate the effects of Ang II on the production of nephrin and 
podocin, and their relationship with podocyte injury. We also 
aimed to determine whether nephrin, podocin and caspase‑9 
production depends on the PI3K/Akt/nuclear factor (NF)‑κB 
signaling pathway in cultured mouse podocytes. We treated 
mouse podocytes with different doses of Ang II (10‑9, 10‑8, 10‑7 
and 10‑6 mol/l) for 12, 24, and 48 h to analyse cell viability, 
and at 10‑6 mol/l Ang II for 12, 24, and 48 h to evaluate cell 
apoptosis. Cells were treated with 10‑6 mol/l of Ang II and/or 
LY294002 (inhibitor of Akt) or 740Y‑P (activator of PI3K) for 
48 h to detect Akt, phosphorylated (phospho)‑Akt, p65 NF‑κB, 
and phospho‑p65 NF‑κB, nephrin, podocin and caspase‑9 
expression, and podocyte apoptosis. Treatment with Ang II 
suppressed the viability and promoted the apoptosis of podo-
cytes in a dose‑ and time‑dependent manner. Ang II decreased 
phospho‑Akt, phospho‑p65 NF‑κB, nephrin, and podocin and 
increased caspase‑9 expression, while podocyte apoptosis 
was promoted. LY294002 further enhanced Ang II‑induced 
downregulation of Akt and p65 NF‑κB activation, as well as 
upregulation of caspase‑9 mRNA and protein, and promoted 
the apoptosis of podocytes. Of note, 740Y‑P restored 
Ang II‑induced downregulation of Akt and p65 NF‑κB activa-
tion, and upregulation of caspase‑9, and decreased podocyte 

apoptosis. Interestingly, LY294002 and 740Y‑P were deter-
mined to have no notable effects on the expression of nephrin 
and podocin. The data suggested that Ang II could regulate 
the expression of nephrin, podocin and caspase‑9. Collectively, 
our findings suggested that the PI3K/Akt/NF‑κB survival axis 
may serve a pivotal role in podocyte injury.

Introduction

Chronic kidney disease (CKD) and end‑stage renal disease 
(ESRD) are global health problems worldwide (1). Pre‑renal 
(decreased renal perfusion pressure), intrinsic renal (pathology 
of the vessels, glomeruli or tubules‑interstitium) or post‑renal 
(obstructive) are the three disease processes, which contribute 
to CKD (2). It is difficult to determine the true incidence and 
prevalence of CKD due to the asymptomatic nature of early 
to moderate CKD. The prevalence of CKD in the general 
population is ~10‑14% (3). Worldwide, CKD accounted for 
2,968,600 (1%) of disability‑adjusted life‑years and 2,546,700 
(1‑3%) of life‑years lost in 2012 (4). CKD is a growing global 
public health problem with notable socioeconomic burden (1). 
Thus, an in‑depth study of CKD pathogenesis is particularly 
important for its prevention and treatment.

Podocytes are cells that encapsulate glomerular capil-
laries in the Bowman's capsule of the kidney. Podocytes are 
named as of their long protrusions projecting from the cells, 
which are called foot processes or pedicels. Neighbouring 
podocytes interdigitate to overlap the basal lamina, which 
is closely associated with the glomerular capillaries. The 
pedicels of the podocytes intersect, in which spaces between 
the cells exist, known as slit diaphragms. These regions 
contain several cell‑surface proteins, including nephrin, 
podocin and CD2‑associated protein that cover the slits (5). 
Destruction of the filtration slits or the podocytes can result 
in kidney malfunction (6). Numerous studies in the past two 
decades have suggested that the damage and loss of podocytes 
are common clinical observations presented in the early 
stages of glomerular diseases, as well as in CKDs including 
minimal change disease, focal segmental glomerulosclerosis, 
diabetic nephropathy, membranous nephropathy and lupus 
nephritis (7,8).

Numerous lines of evidence have revealed that nephrin 
and podocin play important roles in the pathogenesis of 
podocyte injury. Several reports have revealed a decrease in 
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the expression of nephrin in various proteinuria nephropathy 
and animal models of glomerular diseases (9,10). Hence, the 
deficiency of nephrin is considered as a pathologic feature of 
glomerular injury (11). In vivo, mild proteinuria, foot process 
regression, filtration slit narrowing, mesangial proliferation 
and sclerosis, glomerular basement membrane thickening, 
sub‑endothelial zone widening and podocyte apoptosis were 
observed in mice with long‑term nephrin downregulation (12). 
Gene mutations coding for nephrin can lead to congenital 
steroid‑resistant nephrotic syndrome of the Finnish type, 
which is characterised by foot process dysmorphogenesis and 
the lack of inter‑cellular junction formation, and is associated 
with considerably severe proteinuria at birth (13,14). In addi-
tion, podocin inactivation may contribute to the onset of focal 
segmental glomerulosclerosis and nephrotic syndrome (15); 
mice with podocin deficiency develop proteinuria before 
delivery and usually succumb from renal failure caused by 
massive mesangial sclerosis with a median survival time of 
12 weeks (16). Electron microscopy analysis of kidney samples 
from these animals revealed extensive fusion of podocyte foot 
processes and the lack of a slit diaphragm in the remaining 
foot process junctions (17). Collectively, these studies suggest 
that nephrin and podocin serve pivotal roles in the pathogen-
esis of podocyte injury.

As one of the main effector hormones of the renin‑​
angiotensin system (RAS), angiotensin (Ang II ) plays an 
important role in the normal physiological maintenance of renal 
homeostasis (18). Abnormal secretion of Ang II is involved 
in the development of kidney diseases (19). Several studies 
have reported that Ang II promotes podocyte injury (20‑22). 
Additionally, studies in vitro and in vivo have revealed that 
podocytes present decreased nephrin expression and increased 
apoptotic rates at high Ang II concentrations (23,24); however, 
the mechanism for Ang II‑induced podocyte injury remains 
unclear. Few studies have investigated whether Ang II  
induces podocyte injury via the PI3K/Akt/nuclear factor 
(NF)‑κB pathway. Several reports have demonstrated that 
the PI3K/Akt/NF‑κB signaling pathway is implicated in 
kidney diseases (25‑29). Hu et al (30) found that the PI3K/Akt 
signaling pathway serves a pivotal role in epithelial‑mesen-
chymal transition of renal tubular epithelial cells, which is 
induced by Ang II.

In this study, we performed in vitro experiments to deter-
mine the effects of the PI3K/Akt/NF‑κB signaling pathway on 
Ang II‑induced podocyte injury. In addition, we examined the 
relationship between the PI3K/Akt/NF‑κB signaling pathway, 
and nephrin, podocin and caspase‑9 synthesis in Ang II‑treated 
cultured mouse podocytes.

Materials and methods

Cell lines and cell culture. Mouse podocytes, which were 
purchased from the Cell Center of Fudan University 
(FDCC‑MSN059), were cultured and differentiated as 
described previously (31). Briefly, the cells were cultivated at 
33˚C (permissive conditions) for proliferation in RPMI‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc.) containing 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) 
with 10 U/ml mouse recombinant γ‑interferon (Invitrogen; 
Thermo Fisher Scientific, Inc.). Podocytes were maintained 

at 37˚C without γ‑interferon (non‑permissive conditions) to 
induce differentiation for at least 2 weeks.

Treatment of cultured podocytes at 37˚C with Ang  II. We 
treated the mouse podocytes with different concentrations of 
Ang II (10‑9, 10‑8, 10‑7 and 10‑6 mol/l) for 12, 24 and 48 h for 
cell viability assays, and with 10‑6 mol/l of Ang II for 12, 24 
and 48 h for cell apoptosis assays. Cells were also treated with 
10‑6 mol/l of Ang II and or/LY294002 (inhibitor of Akt) or 
740Y‑P (activator of PI3K) for 48 h (untreated cells served as 
control) prior to detecting Akt, phosphorylated (phospho)‑Akt, 
p65 NF‑κB, phospho‑p65 NF‑κB, nephrin, podocin and 
caspase‑9 expression, and podocyte apoptosis.

Cell viability assay. Cell viability was examined using a Cell 
Counting Kit‑8 (CCK‑8, Beijing Solarbio Life Sciences) assay. 
The podocytes were seeded in 96‑well plates at a density of 
5x103 cells per well and cultured at 37˚C in 5% CO2 for 12 h, 
and then treated with Ang II. After incubation for 0, 12, 24 
and 48 h, 10 µl of CCK‑8 solution was added to each well 
and incubated for another 1‑4 h at 37˚C. The absorbance was 
measured with a multi‑mode microplate reader, TriStar LB 
941 (Berthold Technologies) at 450 nm.

Cell apoptosis assay. Apoptosis was measured using a 
flow cytometer (FACSCanto II, BD Biosciences), and an 
Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) double‑stain assay was performed in accordance 
with the manufacturer's protocols (FITC‑AnnexinV/PI, BD 
Biosciences). After incubation of the podocytes as described 
above, each supernatant was collected in the centrifuge tubes 
and cells from each group were washed thrice with PBS, 
trypsinized, centrifuged (400 x g at room temperature) for 
5 min, adjusted to 1x106/ml and suspended in binding buffer 
containing Annexin V‑FITC and PI. After incubation for 
15 min at room temperature in the dark, the fluorescent inten-
sity was measured using a flow cytometer (FACSCanto II; BD 
Biosciences). The apoptotic rate was calculated by summing 
the rate of annexin V+/PI‑ and annexin V+/PI+ cells, and was 
calculated using FlowJo 7.6.1 (Tree Star, Inc.).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. RT‑qPCR analysis was performed to 
determine the mRNA expression of nephrin, podocin, and 
caspase‑9. Briefly, 2 µg of total RNA from each sample of 
5x106 cells was used for the synthesis of first strand cDNA 
using a FastKing RT kit (Tiangen Biotech Co., Ltd.), according 
to the manufacturer's protocols. Following the first strand 
cDNA synthesis, qPCR was carried out in a 20 µl reaction 
volume containing 1X SuperReal PreMix Plus (Tiangen 
Biotech Co., Ltd.), 0.6  µl of each of the specific forward 
and reverse primers, and 2 µl of cDNA template. qPCR was 
performed with an initial denaturation step at 95˚C for 3 min, 
followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec 
in a LightCycler® 96 system (Roche Diagnostics). GAPDH 
was used as an endogenous housekeeping control. The 
mRNA expression levels were quantified by using the 2‑∆∆Cq 

method (32). The data shown are representative of the mean 
of three experiments. The primers for each gene are listed 
in Table I.
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Western blot analysis. The podocytes were washed twice 
with PBS after harvesting, and lysed in ice‑cold radioim-
munoprecipitation assay buffer (Beyotime Institute of 
Biotechnology) with freshly added 0.01% protease inhibitor 
cocktail (CW Biotech), and were incubated on ice for 30 min. 
Protein concentration was measured via a bicinchoninic acid 
protein assay kit (Beyotime Institute of Biotechnology). A 
total of 50 µg of protein was subjected to electrophoresis using 
SDS‑PAGE (8%) and was electrotransferred to a nitrocellu-
lose membrane (GE Healthcare). Thereafter, the membranes 
were incubated for 1 h in 5% skimmed milk prepared with 
Tris‑buffered saline containing 0.05% Tween‑20 at room 
temperature. Subsequently, the membranes were incubated 
with primary antibodies at 4˚C overnight, including rabbit 
anti‑nephrin (1:500; cat. no. ab227806, Abcam), anti‑podocin 
(1:500; cat. no. 20384‑1‑AP; ProteinTech Group, Inc.), anti‑Akt 
(1:500; cat. no. ab179463, Abcam), anti‑ phospho‑Akt (1:500; 
cat. no. ab192623), anti‑p65 NF‑κB (1:500; cat. no. 8242S, 
Cell Signalling Technology, Inc.), anti‑phospho‑p65 NF‑κB 
(1:500; cat. no. 3033S, Cell Signalling Technology, Inc.), and 
anti‑caspase‑9 (1:500; cat.  no.  TA346902, ZSBIO) which 
presented two bands, one indicates pro‑caspase‑9, with a size 
of 46 KDa, whereas the other one indicates cleaved‑caspase‑9 
with a size of 35 KDa. After washing with TBST, the membrane 
was incubated with horseradish peroxidase‑linked anti‑rabbit 
secondary antibody (cat. no. SA00001‑2; ProteinTech Group, 
Inc.; 1:2,500) at room temperature for 2 h and visualised 
for immunoreactivity. Additionally, the membranes were 
processed to detect GAPDH (1:1,000; cat. no. 6‑004‑1‑1g, 
ProteinTech Group, Inc.), which served as a loading control. 
Western blots were visualized using enhanced chemilumi-
nescence (cat. no. CW0048; CWBIO) and the images were 
scanned by Quantity One software (Bio‑Rad Laboratories, 
Inc.) and the original intensity of each specific band was quan-
tified with a freeware image analysis software (ImageJ 6.0; 
National Institutes of Health).

Statistical analysis. SPSS 23.0 statistical software (IBM 
Corp.) was used for data analysis. Normal distribution and 
homogeneity of variance were tested for all data. The data 
were expressed as mean ± standard deviation. For cell viability 
analysis, statistical significance was determined by multivariate 
analysis. One‑way ANOVA was used for analysis of variance 
among multiple groups; the Least Significant Difference test 
was used with homogeneity of variance, whereas a Games 
Howell test was used when no homogeneity in variance was 
observed. Each group was repeated three times. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effects of Ang II on cell viability. The viability of the podocytes 
was assessed after treatment with Ang II, which was presumed 
to decrease with increasing Ang II concentrations for 12, 24 
and 48 h, as observed by the CCK‑8 assay. After 12, 24 and 
48 h of incubation with Ang II at concentrations of 10‑9, 10‑8, 
10‑7 and 10‑6 mol/l, we observed a dose‑ and time‑dependent 
decrease in the cell viability compared with the controls 
(Fig. 1). Therefore, this indicated that Ang II could inhibit 
cell viability, and effectively induce dose‑ and time‑dependent 
cytotoxicity. Based on these results, we decided to treat cells at 
a dose of 10‑6 mol/l Ang II for 48 h for the following studies.

Ang II promotes podocyte apoptosis. To determine whether 
the cytotoxic effect of Ang II was due to the induction of apop-
tosis, the podocytes were treated with different doses of Ang II 
for 48 h; 10‑6 mol/l was selected for administration at different 
time intervals (12, 24 and 48 h). Subsequently, cell apoptosis 
was determined by Annexin V‑FITC/PI staining and flow 
cytometry analysis. As presented in Fig. 2, the apoptotic rate 
(sum of annexin V+/PI‑ and annexin V+/PI+ population/all cells 
events) of podocytes were significantly increased after treat-
ment with Ang II from 15.80±1.12% (10‑8 mol/l), 19.69±1.59% 
(10‑7 mol/l) to 25.17±0.91% (10‑6 mol/l), respectively, when 
compared with the control (9.25±0.81%). However, no signifi-
cant difference was observed between the cells incubated 
with Ang II at concentrations of 10‑9 mol/l (9.3%) and the 
control. Additionally, the apoptotic rates of podocytes were 
significantly increased after treatment with Ang II  from 
13.50±0.66% (12 h) and 19.80±1.08% (24 h) to 27.16±1.39% 
(48 h) when compared with 0 h (8.37±0.71%). This demon-
strated that Ang II treatment induced apoptosis in these cells 
in a dose‑ and time‑dependent manner.

Ang II downregulates the expression of nephrin and podocin 
in podocytes. Western blotting and RT‑qPCR analysis were 
performed to detect the expression of nephrin and podocin in 
podocytes after treatment with Ang II. As presented in Fig. 3, 
the mRNA and protein levels of nephrin and podocin were 
significantly reduced in the podocytes after treatment with 
Ang II (10‑6 mol/l) at different time intervals (12, 24 and 48 h), 
when compared with 0 h. These findings were consistent with 
cell apoptosis.

Functional mechanism of PI3K/Akt signaling pathway in 
podocyte injury induced by Ang II. The PI3K/Akt pathway 
has been assumed to be involved in various types of kidney 

Table I. Primers of reverse transcription‑quantitative polymerase chain reaction.

Gene	 Forward primer (5'‑3')	R everse primer (5'‑3')

GAPDH	AAC TTTGGCATTGTGGAAGG	 GGATGCAGGGATGATGTTCT
Nephrin	 TCCTGCTGCGATGGTGGTTG	 GTCTGGGTTGCCTCCGATGG
Podocin	 TGAGGATGGCGGCTGAGAT	 GGTTTGGAGGAACTTGGGT
Caspase‑9	ACC TGGTGCCTGTGGTCCTG	 GCTCCGCCAGAACCAATGTCC

https://www.spandidos-publications.com/10.3892/mmr.2019.10733
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diseases. Hence, we proposed that Ang II may induce podo-
cyte injury via the PI3K/Akt signaling pathway. To examine 
our hypothesis, we used western blotting to analyse the 
expression of proteins produced by genes located downstream 
of Ang II‑induced cells (Figs. 4-6). The results indicate that 
treatment with Ang II caused a significant decrease in nephrin 
and podocin expression compared with the control (Fig. 5); 
however, an increase in caspase‑9 expression was observed 
(Fig.  6). In addition, the phospho‑Akt protein expression 
levels were significantly reduced in the Ang II‑treated group 
when compared with the control levels, whereas Akt protein 
expression was not significantly changed (Fig. 4). Our results 
indicated that Ang II may exert its effect via inhibition of the 
PI3K/Akt signaling pathway.

In order to confirm the contribution of the PI3K/Akt 
signaling pathway in functioning of Ang II , an activator 
(740Y‑P, 50 µg/ml) (33) and an inhibitor (LY294002, 5 µM) (34) 
of the PI3K/Akt signaling pathway were added to the cells 
which had been treated with and without Ang II, respectively 
(Figs.  4 and  5). When compared with the control group, 
740Y‑P increased the expression levels of phospho‑Akt. In 
contrast, LY294002 inhibited the expression of phospho‑Akt. 
Additionally, LY294002 further decreased the expression 
levels of phospho‑Akt in cells, which were pre‑treated with 
Ang II , when compared with those treated with Ang II  
alone. In contrast, 740Y‑P restored the expression levels of 
phospho‑Akt in the podocytes. Interestingly, the expression 
of nephrin and podocin did not change significantly when the 
cells were treated with LY294002 and 740Y‑P compared with 
Ang II treatment alone (Figs. 5A and B). Our results suggested 
that the PI3K/Akt signaling pathway has no effect on the 
expression of nephrin and podocin.

Activity of PI3K/Akt‑regulated Ang  II‑induced apoptosis 
via modulation of NF‑κB activity. To investigate the mecha-
nism of Ang II‑induced inhibition of NF‑κB modulated by 
PI3K/Akt inhibition, the levels of phospho‑p65 NF‑κB protein 

were analysed after Ang II treatment followed by 740Y‑P or 
LY294002 treatment or both. Pre‑treatment of podocytes with 
LY294002 significantly enhanced the Ang II‑induced decrease 
in the levels of phospho‑p65 NF‑κB. In contrast, phospho‑p65 
NF‑κB decreased significantly after treatment with Ang II and 
increased by pre‑treatment with 740Y‑P. This suggests that the 
PI3K/Akt signaling pathway is associated with the regulatory 
activity of NF‑κB (Fig. 4).

Furthermore, we focused on detecting the effect of 
the PI3K/Akt/NF‑κB signaling pathway on the apoptosis 
induced by Ang II (Fig. 7). Compared with the control group 
(11.00±1.35%), Ang II  significantly stimulated podocyte 
apoptosis (23.12±1.21%). Compared with the Ang II group 
(23.12±1.21%), the combination of Ang II + 740Y‑P reduced 
apoptosis (11.73±1.43%), Ang II + LY294002 significantly 
increased apoptosis (34.36±1.24%).

In order to provide further evidence of the role of this 
pathway in the inhibition of apoptosis after Ang II  treat-
ment, the expression levels of caspase‑9 were determined by 
RT‑qPCR and western blotting. Ang II significantly increased 
the expression levels of the caspase‑9 at the mRNA and 
protein levels compared with the control. This was reversed by 
pre‑treatment with 740Y‑P, but was significantly increased by 
pre‑treatment with LY294002 compared with Ang II treatment 
alone (Fig. 6), suggesting their essential role in promoting cells 
for apoptosis following Ang II treatment.

Thus, these preliminary results confirmed that Ang II could 
regulate the expression of nephrin, podocin and caspase‑9 at 
least partly through the PI3K/Akt/NF‑κB signaling pathway 
in podocytes, and may play a crucial role in podocyte injury.

Discussion

Podocytes, which surround the capillaries of the glomerulus 
constitute one of the main components of the glomerular 
blood filtration barrier; the unique actin‑based morphological 
aspect of the foot processes are the most common features 
of kidney diseases  (35). Podocyte injury and dysfunction 
are the major reasons for the pathogenesis of proteinuria and 
glomerulosclerosis (36). Thus, decoding the complex molec-
ular and signaling mechanisms that are involved in podocyte 
dysfunction, is an important way to develop a treatment for 
proteinuria. In our present research, we investigated the 
involvement of PI3K/Akt/NF‑κB signaling pathway in podo-
cytes to Ang II‑induced injury. Our results revealed a possible 
mechanism underlying podocyte injury. The expression levels 
of nephrin and podocin, two podocyte‑specific markers, 
were downregulated, and the expression level of caspase‑9, 
a pro‑apoptotic factor, was upregulated in AngII‑induced 
podocytes injury. However, the PI3K/Akt/NF‑κB signaling 
pathway may not be involved in this process. When the 
physical and chemical environments are altered, cells adapt 
by changing several cellular processes including cell survival, 
proliferation, differentiation and apoptosis (37). As the central 
product of the RAS, Ang II  promotes the progression of 
glomerular injury via its hemodynamic and/or non‑hemody-
namic effects (38). Ang II induces cell apoptosis and growth, 
and activates multiple signaling pathways in renal cells (39). 
Within the renal system, Ang II mediates various pathological 
processes including apoptosis via the Ang II type 1 receptor, 

Figure 1. Ang II suppresses the viability of podocytes. The viability of 
the podocytes had a tendency to decrease as the concentrations of Ang II 
increased for 12, 24 and 48 h, as determined by a Cell Counting Kit‑8 assay. 
After 12, 24 and 48 h of incubation with Ang II at concentrations of 10‑9, 
10‑8, 10‑7 and 10‑6 mol/l, we observed a dose‑ and time‑dependent decrease 
in cell viability compared with the controls. #P>0.05, &P<0.05, *P<0.01 vs. 
Control. The data are presented as the mean ± standard deviation from three 
independent experiments. For cell viability analysis, statistical significance 
was determined by multivariate analysis. Ang II, angiotensin II.
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Figure 2. Ang II promotes apoptosis of podocytes. The apoptosis of podocytes was determined via flow cytometry after treatment with Ang II at concentra-
tions of 10‑9, 10‑8, 10‑7 and 10‑6 mol/l. (A) Apoptotic rates of podocytes were significantly increased after treatment with Ang II from 10.43±0.74, 15.80±1.12, 
19.69±1.59 and 25.17±0.91%, respectively, when compared with the control (9.25±0.81%). *P>0.05, #P<0.05 vs. Control. (B) Cell apoptosis of podocytes after 
treatment with Ang II at 10‑6 mol/l for different time intervals (12, 24 and 48 h) as determined by flow cytometry. The apoptotic rates of podocytes were signifi-
cantly increased after treatment with Ang II from 13.50±0.66% (12 h), 19.80±1.08% (24 h) and 27.16±1.39% (48 h) when compared with 0 h (8.37±0.71%). 
#P<0.05 vs. Control. The data are presented as the mean ± standard deviation from three independent experiments. For cell apoptosis analysis, statistical 
significance was determined one‑way ANOVA followed by the Least Significant Difference test. Ang II, angiotensin II; FITC, fluorescein isothiocyanate; 
PI, propidium iodide.
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which results in the development and progression of renal 
hypertrophy, extracellular matrix accumulation, and protein-
uria  (40). Several reports have confirmed that Ang II  can 
promote apoptosis and suppress the proliferation of podocytes 
via different pathways (21,22,41,42). In accordance with other 
studies, in our study, we treated podocytes with different doses 
of Ang II for various time intervals. The results revealed that 
Ang II suppressed the viability and the promoted the apoptosis 
of podocytes in a dose‑ and time‑dependent manner.

Protein kinase B, also referred to as Akt, is a serine/threo-
nine‑specific protein kinase that plays a crucial role in various 

cellular processes including apoptosis, cell proliferation, tran-
scription, and cell migration (43). Akt activation regulates the 
maintenance and survival status of cellular stress fibres through 
the phosphorylation of various substrates (43). Lin et al (44) 
found that activation of the PI3K/Akt signaling pathway 
could inhibit kidney cell apoptosis and block the formation of 
interstitial fibrosis. Akt is activated by PI3K, and the PI3K/Akt 
signaling pathway plays a crucial role in the resistance of 
podocytes to apoptosis (45). In puromycin aminonucleoside 
(PAN)‑induced podocyte injury models, Akt activity was 
markedly decreased, and dexamethasone inhibited podocyte 

Figure 4. Ang II decreases the phosphorylation of Akt and inactivates p65 NF‑κB in podocytes. Ang II reduced the expression of p‑Akt and p‑p65 NF‑κB. 
Representative western blots of p‑Akt and p‑p65 NF‑κB for 48 h expression in 10‑6 M Ang II‑treated podocytes are presented. Compared with the control 
group, Ang II decreased the phosphorylation levels of Akt and p65 NF‑κB. #P<0.05 vs. Control. Compared with the Ang II incubated group, the combination 
of Ang II + 740Y‑P restored the phosphorylation levels of Akt and NF‑κB. *P<0.05 vs. Ang II. Stimulation of podocytes with Ang II + LY294002 further 
reduced the phosphorylation levels of Akt and p65 NF‑κB vs. Ang II. &P<0.05. The data are presented as the mean ± standard deviation from three independent 
experiments. For western blot analysis, the quantification was performed by ImageJ 6.0 software; statistical significance was determined one‑way ANOVA 
followed by the Least Significant Difference test. Ang II, angiotensin II; p, phosphorylated; NF‑κB, nuclear factor‑κB.

Figure 3. Ang II inhibits the expression of nephrin and podocin mRNA and protein. To determine the effects of Ang II on the expression of nephrin and podocin 
mRNA and protein, the expression of nephrin and podocin mRNA and protein after treatment with Ang II at 10‑6 mol/l for different time intervals (12, 24 and 
48 h) was determined by reverse transcription‑quantitative polymerase chain reaction and western blotting. (A) Podocytes treated with Ang II significantly 
reduced the expression levels of nephrin and podocin mRNA in a time‑dependent manner. *P<0.05. (B) Podocytes treated with Ang II significantly reduced 
the expression levels of nephrin and podocin protein in a time‑dependent manner. #P<0.05. The data are presented as the mean ± standard deviation from three 
independent experiments. For western blot analysis, the quantification was performed by ImageJ 6.0 software; statistical significance was determined one‑way 
ANOVA followed by the Least Significant Difference test. Ang II, angiotensin II.
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apoptosis by stabilising the PI3K/Akt signaling pathway (46). 
Another study reported that PAN reduced Akt phosphoryla-
tion levels, while LY294002 could further promote podocyte 
apoptosis induced by PAN (47). The anti‑apoptotic effects of 
PI3K/Akt on podocyte apoptosis were further supported by 
observations in which reduced Akt phosphorylation caused 
podocyte apoptosis (48).

A previous study reported that the local production of 
Ang II results in the progression of podocyte injury (49). It 
was also reported that Ang II promotes podocyte apoptosis 
in the cultured podocytes (21). In our study, phospho‑Akt was 
downregulated in Ang II‑treated podocytes, implying that 
phospho‑Akt could be involved in Ang II‑induced podocyte 
injury. Notably, LY294002 alone induced podocyte apoptosis 
and further promoted podocyte apoptosis induced by Ang II. 
In contrast, 740Y‑P alleviated podocyte apoptosis induced 
by Ang II. Therefore, Ang II is likely to induce apoptosis by 
affecting the Akt activity in podocytes.

Downstream in the PI3K/Akt signaling pathway, NF‑κB is 
a protein complex, which plays an important role in control-
ling the DNA transcription, cytokine production, and cell 
survival (50). Active NF‑κB promotes cell proliferation and 
protects them from conditions that would lead to apoptosis. 
Defects in the NF‑κB machinery may lead an increased 

susceptibility to apoptosis and cell death (51). Studies have 
suggested that NF‑κB is involved in the intensity of protein-
uria and is restricted to diseases of the renal tubules, as well as 
glomerular diseases (52‑54).

Studies have reported that Akt can interfere with cell apop-
tosis via regulating apoptosis‑related proteins, such as caspase‑9, 
as well as NF‑Κb (55,56). It was reported that the activation 
of Akt and NF‑κB could promote the proliferation of human 
mesangial cells (57). In addition, several studies demonstrated 
that NF‑κB is involved in podocyte injury (58,59); however, its 
role in the glomerulus and in the pathophysiology of podocyte 
diseases remains largely unexplored. To clarify the mechanism 
mediating the inhibitory effects of Ang II on NF‑κB activation, 
we investigated the PI3K/Akt signaling pathway; we demon-
strated that NF‑κB inactivation was promoted in podocytes 
treated with Ang II, but was significantly enhanced by blockage 
of the PI3K/Akt pathway with LY249002 and restored by the 
activator of the PI3K/Akt pathway, 740Y‑P. This suggested that 
inhibition of the PI3K/Akt/NF‑κB pathway may represent one 
of the primary mechanisms for Ang II‑induced apoptosis in 
podocytes.

Caspase‑9 is an enzyme, which is encoded by the caspase 
9 gene in humans. It is an initiator caspase, critical to the 
apoptotic pathway found in several tissues (60). To further 

Figure 5. Effects of PI3K/Akt/NF‑κB signaling on the expression of nephrin and podocin mRNA and protein. Ang II reduced the expression of nephrin and 
podocin mRNA and protein; however, PI3K/Akt/NF‑κB signaling was determined to have no effect on the expression of nephrin and podocin. (A) Reverse 
transcription‑quantitative polymerase chain reaction of nephrin and podocin mRNA expression in 10‑6 M Ang II‑treated podocytes for 48 h. Compared with 
the control group, Ang II decreased the expression of nephrin and podocin mRNA. #P<0.05 vs. Control. No significant difference was observed between the 
control and 740Y‑P and LY294002 groups. *P>0.05. Compared with the Ang II group, no significant difference was observed in the combination of Ang II + 
740Y‑P and Ang II + LY294002 groups. &P>0.05. The expression of nephrin and podocin mRNA in Ang II + 740Y‑P and Ang II + LY294002 groups were 
decreased #P<0.05 vs control group (B) Western blotting of nephrin and podocin protein expression in 10‑6 M Ang II‑treated podocytes for 48 h. Compared 
with the control group, Ang II decreased the expression of nephrin and podocin mRNA. #P<0.05 vs. Control. No significant difference was observed between 
the control and 740Y‑P and LY294002 groups *P>0.05. Compared with the Ang II group, no difference was observed in the combination of Ang II + 740Y‑P 
and Ang II + LY294002 groups. &P>0.05. The expression of nephrin and podocin protein in Ang II + 740Y‑P and Ang II + LY294002 groups were decreased 
#P<0.05 vs. control group. The data are presented as the mean ± standard deviation from three independent experiments. Statistical significance was deter-
mined one‑way ANOVA. Ang II, angiotensin II; NF‑κB, nuclear factor‑κB.
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investigate the apoptosis mechanism of podocytes induced 
by Ang II , the expression of caspase‑9 was detected. The 
results indicated that treatment of podocytes with Ang II  
could increase the apoptotic rate of podocytes, as well as the 

expression of caspase‑9. Furthermore, when compared with the 
treatment of podocytes with Ang II, the amount of caspase‑9 
was decreased after co‑treating the cells with Ang II  and 
740Y‑P; however, caspase‑9 expression was increased after the 

Figure 6. Ang II induces the expression of caspase‑9 via PI3K/Akt/nuclear factor‑κB signaling. Representative reverse transcription‑quantitative polymerase 
chain reaction and western blots of caspase‑9 (A) mRNA and (B) protein expression in 10‑6 M Ang II‑treated podocytes for 48 h are presented. Compared with 
the control group, Ang II stimulated podocytes to increase the expression of caspase‑9 mRNA and protein. #P<0.05 vs. Control. Compared with the Ang II 
group, the combination of Ang II + 740Y‑P decreased the expression of caspase‑9 mRNA and protein *P<0.05 vs. Ang II. Ang II + LY294002 increased the 
expression of caspase‑9 mRNA and protein. &P<0.05 vs. Ang II. data are presented as the mean ± standard deviation from three independent experiments. 
Statistical significance was determined one‑way ANOVA. Ang II, angiotensin II.

Figure 7. Ang II promotes the apoptosis of podocytes via the PI3K/Akt/NF‑κB signaling pathway. Ang II induces apoptosis of podocytes via the PI3K/Akt/NF‑κB 
signaling pathway. Representative apoptotic rates of podocytes in 10‑6 M Ang II‑treated podocytes for 48 h are presented. Compared with the control group, 
Ang II stimulated podocytes increased the rate of apoptosis. #P<0.05 vs. Control. Compared with the Ang II group, the combination of Ang II + 740Y‑P 
decreased the rate of apoptosis. *P<0.05 vs. Ang II; stimulation of podocytes with Ang II + LY294002 increased the rate of apoptosis &P<0.05 vs. Ang II. No 
significant difference were observed between the Ang II and LY294002 groups. $P>0.05, and between Ang II + LY294002. And control @P>0.05. Statistical 
significance was determined one‑way ANOVA. Ang II, angiotensin II; FITC, fluorescein isothiocyanate; NF‑κB, nuclear factor‑κB; PI, propidium iodide.
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cells were co‑treated with Ang II and LY294002. This indi-
cated that 740Y‑P could restore the inhibitory effect and that 
LY294002 further promoted the activation effect of Ang II 
based on the levels of caspase‑9. Collectively, it appears that 
Ang II could promote the expression of mRNA and protein 
of caspase‑9 to induce apoptosis of podocytes. Our results are 
in accordance with some previous studies in which the acti-
vation of Akt inhibited apoptosis by regulating the apoptotic 
initiation protein, caspase‑9 (61‑63).

Therefore, our findings suggest that a PI3K/Akt/NF‑κB 
signaling pathway in podocytes may be responsible for 
promoting apoptosis following treatment with Ang II, which is 
also linked to impaired upregulation of caspase‑9. The results 
suggest that these molecular protein mediators are necessary 
for the involvement of the PI3K/Akt/NF‑κB signaling pathway 
in relation to podocyte damage induced by Ang II.

Nephrin and podocin are the main structural components of 
the slit diaphragm. They work closely at the outer membrane of 
the podocyte foot processes and regulate the normal relationship 
between the podocytes of the epithelial cells and the basement 
membrane. As the structural components of the slit diaphragm, 
they play an important role in the appropriate functioning of the 
renal filtration barrier (5). Nephrin regulates several pathways 
in the podocyte including suppression of cell death and forming 
a complex with podocin (64). Mutational analysis reveals that 
abnormal or inefficient signaling via the nephrin‑podocin 
complex results in the development of podocyte dysfunction 
and proteinuria (16). In addition, studies have indicated that 
decreased levels of nephrin and podocin are related to the 
degradation of the foot processes (64), and this may be involved 
in several kidney diseases including lupus nephritis (65,66).

Some researchers have reported the potential mechanism 
by which Ang II decreases the nephrin and podocin expression. 
In order to explore the mechanism of podocyte injury induced 
by Ang II, Yu et al (67) treated human podocytes with various 
concentrations of Ang II type I receptor agonistic autoanti-
body (AT1‑AA); the results revealed that AT1‑AA decreased 
the expression of nephrin in a dose‑dependent manner and the 
underlying mechanism might involve activation of the tran-
sient receptor potential cation channer subfamily C member 
6‑calcium/calcineurin pathway  (67). A similar conclusion 
was drawn in another study of Zhao et al (68). Additionally, 
Zhao  et  al  (41) found that the activation of NOD‑like 
receptor 3 inflammasome and mitochondrial dysfunction are 
related to the loss of nephrin and podocin, which was induced 
by Ang II. In the present study, we found that nephrin and 
podocin are impaired in Ang II‑treated cultured podocytes; 
however, we were unable to reveal whether Akt is involved 
in the expression of nephrin and podocin proteins in our 
experimental model. Several other studies present a tentative 
link between nephrin, podocin and the PI3K/Akt signaling 
pathway. Yang et al (69) confirmed that Akt is a downstream 
intermediate of nephrin signaling. In addition, it has been 
reported that nephrin and podocin interact with a subunit of 
PI3K and subsequently activate the Akt kinase pathway, which 
is necessary for the regulation of actin dynamics and the cell 
survival (69‑71). This suggests that downregulation of nephrin 
can regulate Akt inactivation and podocyte injury; however, 
the molecular mechanism of nephrin‑Akt signal transduction 
requires further investigation.

However, there are some limitations to this study. We 
were unable to identify whether Akt signaling was involved 
in regulating the expression of nephrin and podocin proteins 
in our experimental model, and how Ang II induces the injury 
of podocytes in vivo was not determined. The relationship 
between the PI3K/Akt/NF‑κB signaling pathway and nephrin 
and podocin proteins, and in vivo analysis will be investigated 
in our future studies.

In summary, the present study demonstrated that Ang II 
could induce podocyte damage via the PI3K/Akt/NF‑κB 
signaling pathway, which could promote the development of 
podocyte injury following treatment with Ang II. In addi-
tion, activation of the PI3K/Akt/NF‑κB survival axis may 
be a novel therapeutic strategy for treating Ang II‑induced 
podocyte injury.
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