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Abstract
Background/Aims: Angiotensin II (Ang II) induces podocyte injury resulting in apoptosis in 
vitro and in vivo. However, the relationship between autophagy and apoptosis in Ang II-induced 
podocyte injury is unknown and the role of Ang II-induced autophagy in podocyte survival 
or death remains unclear. We investigated the sequential relationship between autophagy 
and apoptosis in Ang II-induced podocytes as well as the role of phosphatidylinositide 
3-kinase (PI3-kinase). Methods: Mouse podocytes were incubated in media containing 
various concentrations of Ang II and at different incubation times. The changes of podocyte 
autophagy and apoptosis were observed by electron microscopy, confocal imaging, western 
blotting, and FACS assay according to the presence of Ang II. Results: Ang II enhanced the 
podocyte expression of the autophagic proteins, LC3A/B-II and beclin-1, and also increased 
the number of autophagosomes compared with control cells at early phase of 12 hours in a 
dose-dependent manner. This effect was inhibited by pretreatment with 3-methyladenine (3-
MA), a PI3-kinase class III inhibitor. Thereafter, the Ang II-induced enhancement in autophagy 
decreased, whereas, podocyte apoptosis appeared later at 24 hours in concentration- and 
time-dependent manners in FACS and TUNEL assays. 3-MA and LY294002, a pan PI3-kinase 
inhibitor, further increased Ang II-induced podocyte apoptosis. Suppression of autophagy by 
Atg5 siRNA could induce podocyte apoptosis and further augment high-dose Ang II-induced 
podocyte apoptosis. Conclusion: These findings suggest that Ang II promotes autophagy 
in podocytes before apoptosis as an early adaptive cytoprotective mechanism for podocyte 
survival after Ang II treatment, and the transitional imbalance between autophagy and 
apoptosis causes podocyte injury.
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Introduction

Angiotensin II (Ang II) directly constricts vascular smooth muscle cells, stimulates 
aldosterone production, activates the sympathetic nervous system, and increases sodium 
reabsorption. These activities are mediated through Ang II type 1 receptor (AT1R) activation 
and contribute to the development of hypertension [1, 2]. In the kidney, Ang II mediates 
oxidative stress as well as apoptosis and inflammation via AT1R; stimulates transforming 
growth factor-β1 production and signaling pathways in glomerular cells; and contributes to 
the development and maintenance of renal hypertrophy, extracellular matrix accumulation, 
proteinuria, and glomerulosclerosis [3–6].

Podocytes are terminally differentiated and highly specialized epithelial cells located 
on the outer surface of the glomerular basement membrane and play a crucial role in the 
regulation of glomerular filtration. Podocyte injury is an essential feature of proteinuria and 
progressive glomerular diseases [7–9]. Because the podocyte is a terminally differentiated 
cell, severe injury to the cell results in autophagy to remove unwanted or damaged proteins 
and organelles for its survival. However, if the insult is overwhelming, it may undergo 
apoptosis [10, 11].

Many stimuli can cause simultaneous apoptosis and autophagy. Ang II induces autophagy, 
which is further enhanced by rapamycin and inhibited by 3-methyladenine (3-MA), a PI3-
kinase class III inhibitor [12]. Ang II also induces apoptosis in podocytes by AT1R [13–15]. 
Ang II treatment in vitro and in vivo developed hypertension with vascular and podocyte 
contraction and proteinuria with increased podocyte permeability by a narrowing of the 
slit diaphragm, alterations in the distribution of nephrin, and increased podocyte apoptosis 
[13, 14]. In the present study, we investigated our hypothesis that an imbalance between 
autophagy and apoptosis causes Ang II-induced podocyte injury.

Materials and Methods

Cell culture of mouse podocytes
Conditionally immortalized mouse podocytes were kindly provided by Peter Mundel (University of 

Harvard, Boston, MA, USA) and were cultured and differentiated as described previously [16]. In brief, to 
stimulate podocyte proliferation, cells were cultivated at 33°C (permissive conditions) in a culture medium 
supplemented with 10 U/mL mouse recombinant γ-interferon (Roche, Mannheim, Germany) to induce 
expression of temperature-sensitive large T antigen. To induce differentiation, podocytes were maintained 
at 37°C without γ-interferon (non-permissive conditions) for at least 2 weeks. We observed that gown 
podocytes were distributed evenly at all experimental conditions. All experiments were repeated at least 
three times.

Treatment conditions and preparation of antibodies
Mouse podocytes were incubated with various concentrations of Ang II (Sigma-Aldrich Inc., St. Louis, 

MO, USA) for 2, 6, 12, and 24 hours. Cells were exposed to 2 mM 3-MA (Sigma-Aldrich Inc.) and 5 μM 
LY294002 (Cell Signaling Technology, Danvers, MA), a class III PI3-kinase and a pan PI3-kinase inhibitor, 
respectively. Cells were also treated by Chloroquine (CQ, 0.1 mM) to inhibit autolysosomal degradation and 
autophagy. The primary antibodies for anti-LC3A/B and anti-beclin-1 antibodies were purchased from Cell 
Signaling Technology (Beverly, MA, USA).

Immunofluorescence staining
Podocytes that were grown on type I collagen-coated glass cover slips incubated for 2, 6, 12, and 24 

hours were fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, blocked with 10% normal 
goat serum, and labeled with polyclonal rabbit anti-rat LC3A/B antibody (1:200, Cell Signaling Technology). 
Primary antibody-bound specimens were incubated with 1:200 (v/v) Alexa Fluor 488 for green and Alexa 
Fluor 594 for red (Invitrogen, Eugene, OR, USA)-conjugated secondary antibody at room temperature 
(RT) for 1 hour. Nuclei were stained with 4’, 6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma). 
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Coverslips were mounted in aqueous mountant and viewed with a Fluorescence microscope (TCS SP2 AOBS, 
Leica, Wetzlar, Germany). The percentage of podocytes showing accumulation of LC3 puncta (that is with at 
least five puncta per podocyte) was quantified. At least 200 cells were scored in each of three independent 
experiments.

Western blotting
The expression of autophagic proteins, including LC3A/B and beclin-1, were assayed by western 

blotting. The primary antibodies for anti-LC3A/B and anti-beclin-1 antibodies were diluted for western 
blotting as 1:1000 and 1:500, respectively. Total proteins from podocytes were extracted using protein 
extraction solution (PRO-PREP, Intron, Seongnam, Kyungki, Korea), containing leupeptin as a lysosomal 
inhibitor, according to the manufacturer’s instructions. The confluently grown cell layers incubated with 
additives and extracted protein concentrations were determined. Thirty μg of boiled extracts was applied 
on 10 or 15% SDS-PAGE gels and transferred to polyvinylidene fluoride membranes (Bio-Rad Laboratories, 
Hercules, CA, USA). Then, the membranes were air-dried and blocked in 5% fat-free milk before incubation 

with the primary antibodies. After incubation with horseradish peroxidase–conjugated secondary 
antibodies (Santa Cruz Biotechnology), bands were detected using the enhanced chemiluminescence 
system (Amersham Biotech Ltd., Bucks, UK). In each experiment the ratio of absorbance of each molecule 
vs. β-tubulin was calculated and their density values were expressed as % of control (without Ang II).

Transmission electron microscope (TEM) analysis
Podocytes were washed and fixed in 2.5% glutaraldheyde (Sigma-Aldrich Inc,) for 3 hours, then, post-

fixed with 1% osmium tetroxide in buffer pH 7.4 at RT for 40 min, serially dehydrated with ethanol, and 
embedded in epoxy resin. Ultrathin sections were examined with a transmission electron microscope (Carl 
Zeiss, Libra 120, Oberkochen, Germany). The autophagosomes were labeled and measured using the ruler 
provided. The numbers of autophagic vacuoles were counted by two observers, and data were recorded.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
Podocytes that were grown on type I collagen-coated glass cover slips incubated for 2, 6, 12, and 24 

hours were fixed in 4% paraformaldehyde for 20 min, followed by permeabilization with 0.1% Triton X-100 
for 10 min at RT. The TUNEL assay was performed according to the manufacturer’s instructions (In Situ 
Cell Death Detection Kit, AP; Roche Molecular Biochemicals, Mannheim, Germany). After coverslips were 
mounted in mountant, the samples were immediately evaluated by a fluorescence microscope. The TUNEL 
index (apoptotic podocytes) was determined by counting the positively and negatively stained cells in each 
of 10 fields of vision.

Fluorescence-activated cell sorting (FACS) assay
Podocytes were washed twice, then, cells (1×105/mL) were collected and suspended with 100 

μL of 1× binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Five μL of annexin 
V-fluorescein isothiocyanate (FITC) (BD Biosciences, San Jose, CA, USA) and 5 μL of propidium iodide (PI) 
(BD Biosciences) were added for 15 min at RT in the dark. Thereafter, 400 μL of 1× binding buffer was 
added and the percentages of apoptosis and necrosis in the adherent-cell fraction were determined by 
flow cytometry (FACSCalibur, BD Biosciences) after annexin V-FITC and PI labeling within 1 hour. All FACS 
analyses for apoptosis detection were performed in triplicate under each experimental condition.

Small interference RNA (siRNA) for Atg5 transfection
To investigate the function of Atg5 in Ang II-induced podocyte injury, siRNAs for Atg5 (Santa Cruz 

Biotechnology) was prepared using Lipofectamine. One day before transfection, the culture medium 
was removed and differentiated podocytes were cultivated in antibiotics-free RPMI 1640 medium 
supplemented with 10% FBS. Cells were transfected with siRNA using Lipofectamine 2000 Transfection 
Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. In brief, siRNA for 
Atg5, or control scrambled siRNA was diluted into each 6-well plate with Transfection Medium (Opti-MEM, 
Invitrogen) and incubated for 5 min. In parallel, Lipofectamine was diluted with Transfection Medium (Opti-
MEM). Diluted Lipofectamine reagent and siRNA were mixed and incubated at room temperature for 20 min. 
The medium was replaced with Opti-MEM and the siRNA/Lipofectamine mixture was added to the cells. 
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After replacing the transfection mixture 
with RPMI 1640 medium supplemented 
with 10% FBS after 5 h, the inhibitory 
effect of siRNA was confirmed by 
western blotting.

Statistical analysis
The results are expressed as mean 

values ± standard deviation (SD). The 
statistical significance was assessed by 
nonparametric Kruskal-Wallis ANOVA 
analysis or Student’s t-test using the 
SPSS 9.0.0 (SPSS, Chicago, IL) software 
program. P-values less than 0.05 were 
considered significant.

Results

Ang II induces beclin-1 
expression of podocytes
Beclin-1 triggers rapid 

nucleation of its associated 
proteins in the phagophore at 
the initiation of autophagosome 
formation and the elongation of 
phagophore and the maturation 
of autophagosome is mediated 
by LC3-II; therefore, LC-3 and 
beclin-1 are two independent 
markers of autophagy. To 
determine the effect of Ang II on 
podocytes, we measured beclin1 
protein expression using western 
blotting. Podocytes were treated 
with graded concentrations of Ang 
II for various incubation periods. 
A high dose of Ang II (10-6 M) 
significantly increased beclin-1 
protein expression at 6 hours and 
increased it further at 12 hours 
in a dose-dependent manner. 
Thereafter, beclin1 protein 
expression decreased to below 
basal levels at 24 hours after 
correcting for β-tubulin levels (n = 
3) (Fig. 1A, B).

Fig. 1. Effects of Ang II on beclin-1 protein assayed using 
western blot. A high dose of Ang II (10−6 M) increases beclin-1 
protein expression at 6 hours (P<0.05) and both 10−7 M and 
10−6 M of Ang II further increases beclin-1 expression at 12 
hours in a dose-dependent manner (P<0.01). Thereafter, 
beclin-1 protein expression decreases to below the basal level 
(A). Data on the densitometric analysis of beclin-1/β-tubulin 
ratio are presented as mean ± SD (n = 3; *P<0.05 and **P<0.01) 
(B) Control (100%); compared to conditions without Ang II.
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Fig. 2. Effects of Ang II on LC3-II expression assayed using 
western blot. LC3-II expression is increased by Ang II compared 
with the control group in time- and concentration-dependent 
manners (A). At 12 hours of incubation, Ang II increases LC3-
II expression in a concentration-dependent manner after 
controlled by β-tubulin (B). Data on the densitometric analysis 
are presented as mean ± SD (n = 3; *P<0.05 and **P<0.01). 
Control (100%); compared to conditions without Ang II.
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Ang II up-regulates LC3-II expression of podocytes
We evaluated the level of autophagy by measuring the expression of microtubule-

associated protein 1A/1B-light chain 3 (LC3). To determine the effect of Ang II on podocyte 
LC3-II expression, podocytes were treated with various concentrations of Ang II and 
incubated for different exposure times. Ang II tended to increase LC3-II protein expression 
in time- and dose-dependent manners (Fig. 2A, B). Notably, the autophagy signals became 
evident at 12 hours and, thereafter, decreased to below basal levels at 24 hours. The patterns 
of LC3-II expression in response to different concentrations of Ang II were similar to those 
beclin 1 expression.

Ang II increases LC3-II puncta in podocytes
LC3-II binds to the autophagosomal membrane, allowing the use of immunofluorescence 

staining of LC3 in monitoring autophagy in cells. To verify whether the Ang II is attributed to 
autophagy induction, we used bafilomycin A1 (10 nM) and chloroquine (CQ, 0.1 mM) to inhibit 
autolysosomal degradation. We found that bafilomycin A1 and CQ increased LC3 puncta and 
Ang II further increased the expression of LC3 puncta significantly, suggesting that Ang II 
further induced autophagy significantly at 12 hours during the inhibition of autolysosomal 
degradation by bafilomycin A1 and CQ (n = 4) (Fig. 3A, B). The immunofluorescence analysis 
revealed that Ang II treatment increased LC3 puncta in the cytoplasm (Fig. 3C, D). Ang II 
treatment increased LC3 puncta in a dose-dependent manner at 12 hours (n = 3) (Fig. 3E). 
We found that LC3 puncta peaked in the early stage of incubation (at 12 hours) with 10-6 M 

Fig. 3. LC3 puncta in podocytes treated with Ang II. Bafilomycin A1 (10 nM) and chloroquine (CQ, 0.1 mM) 
increased LC3 puncta and additional Ang II further increased the expression of LC3 puncta significantly (A). 
Magnification, ×200; Bar = 10 μm. LC3 puncta fluorescence (mean ± SD) were quantified for each experiment 
(n = 4; B). At least 30 cells were counted in each individual experiment. Ang II increases LC3 puncta in time- 
and concentration-dependent manners (C and D). At 12 hours of incubation with Ang II, a concentration-
dependent increase in LC3 expression is observed (E). 10−6 M Ang II also increases LC3 puncta in a time-
dependent manner; however, LC3 puncta levels decreased at 24 hours (F). Nuclei are colored in blue by 
DAPI. Data on the analysis LC3 puncta ratio of podocytes are presented as mean ± SD (n = 3 without notice). 
Control (100%); compared to conditions without Ang II. *P<0.05 and **P<0.01 versus control. ＃＃P<0.01 
versus condition with Ang II.
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Ang II; thereafter, LC3 puncta levels dropped to near-basal levels at 24 hours (n = 3) (Fig. 
3F). The patterns of LC3 puncta expression in response to different concentrations of Ang II 
were also similar to the changes of LC3-II and beclin-1 expression data assayed by western 
blotting.

Ang II promotes podocyte autophagy as detected using TEM
In the TEM analysis, Ang II treatment impaired the structure of podocytes, showing 

ultrastructural changes and increased autophagy. A great quantity of independent 
double membrane structures emerged, gradually extended, and bent. These included 
autophagosomes containing cytoplasm, lysosomes, and other organelles (Fig. 4A, B). Ang 
II treatment significantly increased the number of autophagosomes present at 12 hours. In 
contrast, 3-MA inhibited Ang II-induced autophagosome formation (n = 5) (Fig. 4C).

Ang II induces podocyte apoptosis
To determine the effect of Ang II on podocyte apoptosis, podocytes were incubated for 

different exposure times with various concentrations of Ang II. FACS analysis revealed that 
Ang II treatment increased apoptosis in dose- and time-dependent manners (n = 3) (Fig. 5A, 
B). TUNEL assays also revealed similar results (n = 3) (Fig. 5C, D). Therefore, Ang II induced 
more apoptosis in podocytes at higher concentrations and longer exposure times. Together, 
the autophagy and apoptosis data indicate that Ang II induces autophagy before apoptosis 
in mouse podocytes.

Fig. 4. Effects of Ang II and 
3-methyladenine (3-MA) on 
autophagosomes formation in 
podocytes detected using transmission 
electron microscopy. Equal numbers 
of mouse podocytes were incubated. 
More autophagosomes were observed 
in Ang II-treated cells (A, magnification, 
×3000; Bar = 10 μm). The numbers 
of autophagosomes (arrows) are 
increased with Ang II treatment; 3-MA 
(2 mM) attenuates autophagosomes 
formation at 12 hours (B, magnification, 
×10000; Bar = 1 μm). The numbers 
of autophagosomes are counted and 
quantified in 10 random podocytes (C). 
Data on the analysis of autophagosomes 
ratio of podocytes are presented as 
mean ± SD (n = 5). Control (100%); 
compared to conditions without Ang II. 
*P<0.05 and **P<0.01 versus control.

  Ha, Tae-Sun 

- 4 - 
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Inhibitions of PI3-K further induce podocyte apoptosis
Based on our observation that a low percentage of podocytes were apoptotic but a high 

percentage demonstrated autophagy at 12 hours compared to that at 24 hours after Ang II 
treatment, we speculated that autophagy may play a cytoprotective role against podocyte 
apoptosis. To test our hypothesis and investigate the role of PI3-K, two inhibitors were used 
to suppress autophagy in Ang II-treated podocytes.

Ang II treatment increased LC3 puncta at 12 hours; thereafter, LC3 puncta levels 
dropped to near-basal levels at 24 hours (Fig. 6A, B), which were similar to the results in Fig. 
3D. The PI3-K inhibitors 3-MA (2 mM) and LY294002 (5 μM), reduced Ang II-induced LC3 
puncta levels; at this time, podocyte apoptosis was significantly increased over that of the 
control group at 12 and 24 hours (Fig. 6C, D). Thus, PI3-K inhibition further augmented the 
apoptotic role of Ang II.

Atg5 siRNA inhibits podocyte autophagy and augments Ang II-induced apoptosis
To evaluate the changes of autophagy and apoptosis induced by the suppression of 

autophagy, we transfected podocytes with Atg5 siRNA. We found that 50 nM of Atg5 siRNA 
inhibited Atg5 expression by 90% for 12 hours (Fig. 7A). Atg5 siRNA reduced LC3 puncta 
levels, as expected (Fig. 7B). When podocyte autophagy was disrupted by Atg5 siRNA, 
the number of apoptotic podocytes increased over that observed without or with Ang II 
treatment in the FACS (Fig. 7C) and TUNEL assays (Fig. 7D). The difference in expression 
was significant compared with that in the control group.

Fig. 5. Ang II induces podocyte apoptosis. Podocyte apoptosis is induced by Ang II in both time- and 
concentration-dependent manners as determined using FACS (A, B) and TUNEL assay (C, D). Nuclei are 
colored in blue by DAPI in the TUNEL assay. Data are expressed as mean ± SD (n = 3). *P<0.05 and **P<0.01 
versus control (without Ang II at 0 hour). ＃P<0.05 and ＃＃P<0.01 versus control at each incubation time. 
Magnification, ×200; Bar = 100 μm.
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Discussion

Autophagy and apoptosis are two cellular processes through which injured and aging 
cells or organelles are eliminated [17–20]. Autophagy is a lysosome-dependent degradation 
pathway present in most eukaryotic cells and is an important way for the degradation and 
the recycling of damaged organelles and misfolded proteins for organelle transformation 
and maintenance cellular homeostasis [17–19]. Autophagy is a mode of stress adaptation 
that suppresses apoptosis, thereby protecting cells from impending death. Under other 
conditions, however, excessive autophagy provides an alternative pathway to cell death and 
is described as autophagic or programmed cell death type II [17–20]. Autophagy occurs at 
a basal level and stress-induced autophagy primarily serves as an adaptive and protective 
strategy; on the other hand, apoptosis removes damaged or unwanted cells.

Usually in cell injury, autophagy precedes apoptosis and serves as a line of defense 
against stress before cellular dismantlement. These cellular events usually occur in cases of 
autophagy deficiency or in response to prolonged or intense stress [21]. We postulated that 
the podocyte response following exposure to Ang II might be determined by the duration 
and concentration of Ang II. This study addresses this statement.

Because the podocyte is a terminally differentiated epithelial cell characterized by a 
high basal level of autophagy, the absence of podocyte regeneration following cell injury 

Fig. 6. Ang II and PI3-K 
inhibitors induce podocyte 
apoptosis. Ang II treatment 
increases LC3 puncta at 12 
hours; thereafter, LC3 puncta 
levels dropped to near-basal 
levels at 24 hours. The PI3-K 
inhibitors 3-MA (2 mM) and 
LY294002 (5 μM), reduce 
LC3 puncta levels induced 
by Ang II (A). The bar chart 
of the values of LC3 puncta-
positive cells (B). Ang II 
induces podocyte apoptosis 
in a time-dependent manner 
as determined using FACS 
assay. Both 3-MA and 
LY294002 further increase 
podocyte apoptosis with 
an additive effect over that 
of Ang II alone at 12 and 
24 hours compared with 
the control group (C), and 
representative percentages 
of apoptotic cells (D). Data 
are expressed as mean ± SD 
(n = 3). *P<0.05 and **P<0.01 
versus control (without Ang 
II at each incubation times). 
＃P<0.05 and ＃＃P<0.01 versus 
positive control (with Ang 
II at each incubation times). 
Magnification, ×200; Bar = 10 
μm.

  Ha, Tae-Sun 

- 6 - 

Fig. 6.1 
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or apoptosis is a major limitation in the approach to glomerular healing. If the injury is 
tolerable, the podocyte undergoes autophagy to get rid of unwanted or damaged proteins and 
organelles; otherwise, the injury may tilt the balance toward apoptosis without any attempt 
for autophagy induction [10–12]. Accordingly, interventions that increase the resistance of 
this terminally-differentiated cell population to death signals would offer a novel approach 
to preserve the glomerular filtration barriers [12].

Autophagy is a critical protective mechanism for glomerular homeostatic maintenance 
in response to various cellular injuries. Recent reports have suggested that autophagy is 
upregulated in glomerular podocytes and plays a protective role in proteinuric kidney 
diseases. Hartleben et al. [22] showed that mice lacking Atg5 in podocytes exhibited strongly 
increased susceptibility to glomerular disease models, leading to podocyte loss (apoptosis) 
and age-dependent late-onset glomerulosclerosis. They also found that the basal levels of 
autophagic flux were high in podocytes, and interrup tion of this flux by proteasome inhibitors 
or podocyte injury by puromycin-aminonucleoside (PAN) and adriamycin promoted 
cytoplasmic accumulation of damaged organelles and protein aggregates. Such damage leads 
to oxidative stress, endoplasmic reticulum stress (ERS), inflammation and apoptosis, which 

Fig. 7. Ang II induces podocyte apoptosis by modulating Atg5. Transfection of podocytes with Atg5 siRNA 
significantly inhibits the protein levels of Atg5 (A). Atg5 siRNA (50 nM) reduces LC3 puncta levels increased 
by 10−6 M Ang II at 12 hours (B). When podocyte autophagy is disrupted by Atg5 siRNA, apoptotic podocytes 
are further increased over that observed with Ang II treatment as determined using FACS (C) and TUNEL 
assays (D). Nuclei are colored in blue by DAPI in immunofluorescence and TUNEL assay. Magnification, 
×200; Bar = 10 μm. *P<0.05 and **P<0.01 versus control (without Ang II at each incubation times). ＃P<0.05 
versus positive control (with Ang II at each incubation times).
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manifested as foot processes effacement and proteinuria. PAN, a podocytotoxic agent, induces 
autophagy in both murine [11, 23] and human podocytes [24]. LC3-II levels decreased in 
podocytes damaged by PAN and increase during recovery from the damage in PAN-induced 
nephrosis animal model and in cultured podocytes [11, 23–25]. In particular, Kang et al. [24] 
found that autophagy played an early adaptive cytoprotective role to maintain apoptosis at 
a low level in the early time points; however, as cell stress persisted over time, autophagy 
was overridden by apoptosis. Autophagy blockade by beclin-1 siRNA, 3-MA, or CQ promoted 
PAN-induced podocyte apoptosis and damage, as indicated by the loss of podocyte marker 
proteins, synaptopodin, podocin, and CD2AP [25]. Since both apoptosis and autophagy were 
triggered by PAN, there may be common signals that involve similar downstream signaling 
molecules.  

Ang II mediates podocyte injury via oxidative stress, ERS, apoptosis, and inflammation, 
thus, contributing to the development of proteinuria and glomerulosclerosis [3–6]. We 
found that it also increased podocyte autophagy. The pro-autophagic effect of Ang II was 
associated with increased podocyte expression of LC3-II and beclin-1. Yadav et al. [12] found 
that Ang II (10−8 M, for 36 hours) increased podocyte expression of the autophagic genes, 
LC3-II and beclin-1; and that Ang II (10-6 M for 24 hours) enhanced podocyte expression 
of beclin-1. However, our study revealed that Ang II (10-6 M) increased beclin-1 and LC3-II 
expression at 6 hours significantly and Ang II (10-7 and 10-6 M) increased them further at 12 
hours, thereafter, decreased at 24 hours. They also found that rapamycin treatment further 
increased Ang II-induced autophagy, whereas 3-MA inhibited Ang II-induced autophagy [12]. 
Shengyou and Li [26] found that Ang II increased podocyte autophagy and induced podocyte 
apoptosis, which were down-regulated by 3-MA and silencing TRPC6; however, the dose 
of Ang II and exposure duration were not clearly mentioned in this report. Recently, Wang 
et al. [27] reported that Ang II induced podocyte autophagy (10−7 M, for 24 hours) through 
oxidative stress, at least in part, by regulating the Nox subunit p47-phox translocation to the 
membrane. In another recent study, Mao et al. [28] reported that Ang II (10-8 M) strongly 
promoted autophagy in immortalized mouse podocyte cells at 24 hours, which effects at 
low dose (10-8 M) were similar to ours. They found that Ang II (10-8 M) at 24 hours increased 
the activity of AMPK and GSK-3β and downregulated the activity of P70S6K, an mTOR 
downstream effector, which were compatible with our results on Ang II (10-8 M) at 24 hours. 
However, they only did on Ang II (10-8 M) at 24 hours, but, did not observe sequential or dose-
dependent changes. As 10-8 M of Ang II is not an enough local concentration in glomerulus, 
their results are not compatible to the generally accepted concept that autophagy is positively 
regulated by the AMPK activation, but negatively regulated by the mTOR activation. Thus, 
their experiments did not reflect the pathologic condition induced by Ang II. In our study, 
we postulated that Ang II-induced podocyte could also be determined by the duration and 
concentration of Ang II. Our results on autophagic markers, LC-3 and beclin-1, according to 
the dose of Ang II and exposure duration are similar to the above findings [12, 27]. Together, 
these results suggest that low doses of Ang II enhance podocyte autophagy over 24 hours, 
whereas, a higher dose (10−6 M) enhances podocyte autophagy at an early injury stage of 12 
hours and, thereafter, reduces it at 24 hours.

Ang II also induced podocyte apoptosis in vitro in a time-dependent manner and in 
vivo [12–15]. Since both autophagy and apoptosis may be the outcome of the same insult, 
it appears that cross-inhibitory balance between apoptosis and autophagy determines the 
net result [12]. Ang II reportedly enhanced podocyte autophagy and induced podocyte 
apoptosis, which were down-regulated by silencing TRPC6 and 3-MA [26]. In our study, 
we found that the inhibition of Ang II-induced autophagy by 3-MA significantly increased 
podocyte apoptosis. As 3-MA enhances Ang II-induced apoptosis, Ang II-mediated podocyte 
autophagy might provide partial protection against Ang II-induced apoptosis [12].

Our study results suggest a relationship between autophagy and apoptosis in Ang 
II-treated mouse podocytes. We found that the expression of LC3-II peaked at 12 hours. 
Increased LC3 puncta were also observed in the cytoplasm at this time point. Additionally, 
our study showed that the induction of autophagy was transient in the early stages, and the 
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expression of LC3-II dropped to near basal levels at 24 hours. Combined with our observation 
that a low percentage of cells was apoptotic in the early stages (2 and 6 hours) and apoptosis 
peaked at later stages (12 and 24 hours), we suggest that Ang II induced stress in podocytes 
and triggered both autophagy and apoptosis. At the early time point, autophagy played a 
cytoprotective role to keep apoptosis at a low level; however, as the cell stress persisted over 
time, the transitional imbalance between autophagy and apoptosis occurred, and autophagy 
was overwhelmed by apoptosis at later stages. Notably, the cumulative data on autophagy 
and apoptosis clearly indicate that Ang II induced autophagy before apoptosis in mouse 
podocytes [24, 25, 29] and cardiomyocytes [30].

In podocyte lipid rafts, CD2AP and nephrin interact with a subunit of class I PI3-kinase, 
and subsequently stimulate PI3-kinase-dependent activation of the intracellular Akt kinase 
pathway, which is necessary for the regulation of actin dynamics and cell survival [9, 31]. 
PI3-kinase inhibitors, such as, 3-MA, LY294002, and wortmannin, can inhibit both class I 
and class III PI3-kinase. In particular, while 3-MA persistently blocks the class I PI3-kinase, 
its suppressive effect on class III PI3-kinase is transient [32]. Because these compounds 
inhibit the class III PI3-kinase, they block the early stages of autophagosome biogenesis. 
However, they can also inhibit the class I PI3-kinase, thereby disrupting the Akt pathway and 
affecting cell viability [32, 33]. Recently, we found that Ang II-induced podocyte apoptosis is 
time- and concentration-dependent. LY294002 further increased podocyte apoptosis, which 
was augmented by CD2AP siRNA but suppressed by AT1R siRNA. These results suggest that 
Ang II induces podocyte apoptosis by suppressing CD2AP/PI3-kinase signaling [34]. In the 
present study, we found that PI3-kinase inhibition by 3-MA or LY294002 further increased 
Ang II-induced podocyte apoptosis and inhibited autophagosome formation.

Conclusion

In conclusion, the cumulative data of autophagy and apoptosis suggest that Ang II 
promotes autophagy in mouse podocytes before apoptosis as an early adaptive cytoprotective 
mechanism for podocyte survival; autophagy is then overwhelmed by apoptosis through a 
continuous Ang II exposure. In addition, as PI3-kinase interacts with CD2AP and nephrin 
in podocyte to promote podocyte survival, PI3-kinase inhibition accentuates the imbalance 
between autophagy and apoptosis causing podocyte injury. The regulation of autophagy has 
the potential to serve as a novel measure of podocyte injury and proteinuria prevention. 
Further studies on the pathogenic relationship between autophagy, ERS, and PI3-K, and on 
upstream signaling, including mTOR-ULK1 and AMPK in Ang II-induced podocyte injury 
would be needed.
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