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Abstract. Aldosterone is a steroid hormone secreted from 
the adrenal cortex, which regulates blood pressure. Higher 
concentrations of aldosterone can cause several diseases, 
including hypertension, diabetic nephropathy and chronic 
kidney disease. Previous reports have demonstrated that 
aldosterone has a pathogenic role in renal injury via reac-
tive oxygen species (ROS), which involves the regulation 
of autophagy. However, whether aldosterone can induce 
autophagy in renal tubular cells remains to be elucidated. 
In the present study, elevated autophagy was observed in rat 
renal tubular NRK‑52E cells exposed to aldosterone, which 
was demonstrated by the increased number of autophago-
somes, conversion of LC3‑I to LC3‑II and the expression 
of Beclin‑1. The enhanced autophagy was accompanied 
by increased production of intracellular ROS, which was 
reversed by N‑acetylcysteine, a specific inhibitor of ROS 
signaling. Furthermore, treatment with ginsenoside Rg1 
reduced the aldosterone‑induced autophagy and production 
of ROS, possibly through reducing the phosphorylation 
of AMPK and preserving mTOR activity. These findings 
demonstrated that aldosterone promoted ROS generation and 
increased autophagy in the NRK‑52E cells. Ginsenoside Rg1 
effectively relieved aldosterone‑induced oxidative stress and 

abnormal autophagy, suggesting that Rg1 may be used as a 
potential therapeutic drug to inhibit the renal injury, which is 
induced by aldosterone.

Introduction

Aldosterone is a mineralocorticoid, which regulates elec-
trolyte transport through epithelial mineralocorticoid 
receptors (1). There has been increased attention on the role 
of aldosterone in the renal injury. For several years, aldo-
sterone was considered to execute its function only at distal 
fragments of renal tubules, whereas, subsequent investiga-
tion has revealed functional targets additional to the distal 
renal tubule, including proximal tubular cells, mesangial 
cells and podocytes  (2). Several experimental data have 
demonstrated that aldosterone is involved in the progres-
sion of renal injury by triggering the production of reactive 
oxygen species (ROS), resulting in the apoptosis of tubular 
cells  (3,4). Specifically, aldosterone has been reported to 
promote the expression of nicotinamide adenine dinucleo-
tide phosphate oxidase in renal tissues, and generate ROS 
to induce glomerular injury (5). This can be inferred from 
evidence that aldosterone promotes podocyte injury via the 
generation of ROS (6). In normal conditions, the balance of 
ROS generation is maintained by the antioxidant defense 
system, including superoxide dismutase (SOD) and catalase. 
However, when the balance is broken, DNA and proteins 
are oxidized by excessive ROS, accompanied by damage to 
organelles (7). In this case, autophagy is triggered to degrade 
the oxidized DNA, proteins and damaged organelles.

Autophagy is highly conserved between yeasts and humans, 
and is involved in the degradation of long‑lived proteins and 
damaged organelles  (8). It has been described as single‑ or 
double‑membraned vesicles that contain cytoplasm, including 
organelles, at various stages of digestion  (9). Autophagy 
in mammals can be stimulated by stress, including starva-
tion and pathology, or by pharmacological agents, including 
rapamycin (10). It is also triggered by ROS, resulting from incom-
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plete reduction of ROS (11). In addition, the induced autophagy 
can be inhibited by antioxidant drugs, including N‑acetylcysteine 
(NAC), catalase, glutathione, melatonin and vitamin E (9).

In mammalian cells, several autophagy genes are 
involved in the formation of autophagosomes, including 
microtubule‑associated protein 1 light chain 3 (MAP1‑LC3; 
LC3), phosphatidylinositol 3‑kinase and beclin‑1 (12). LC3‑I 
is the cytosolic form of LC3 and, during autophagy, LC3‑I is 
modified to the membrane‑bound form (LC3‑II). Thus, the 
level of LC3‑II is considered an early marker for the formation 
of autophagosomes (13). Vps34 is part of the autophagy‑regu-
lating macromolecular complex (PI3K complex), consisting of 
Beclin‑1/Atg6, Atg14/barkor and p150/Vps15. The activity of 
Vps34 is increased by interaction with Beclin‑1, suggesting 
that increasing the expression of Beclin‑1 may enhance 
autophagy (14‑17). Cells treated with pharmacological agents, 
including 3‑methyladenine (3‑MA) and chloroquine can inhibit 
autophagy (18). Dysfunctional autophagy has been reported in 
several human diseases, suggesting that decreased dysfunc-
tional autophagy may relieve these diseases, however, whether 
autophagy can be induced by aldosterone in renal tubular cells 
and, if so, whether aldosterone‑induced autophagy can be 
relieved by certain drugs, remains to be elucidated.

Ginsenoside‑Rg1 (Rg1) is the major pharmacological 
active component of ginseng, which is a widely used 
traditional Chinese medicine (19). It has extensive pharmaco
logical activities, including antioxidant, anti‑inflammatory 
and anticancer properties (20,21). Previous investigation has 
demonstrated that ginsenoside Rg1 enhances antioxidative 
protection and intracellular calcium homeostasis in a cardio-
myocyte hypoxia/reoxygenation model  (22), and can also 
inhibit autophagy in cardiomyocytes exposed to hypoxia/reox-
ygenation (23). Our previous study reported the effects of Rg1 
in the protection of mouse podocytes from aldosterone‑induced 
injury by inhibiting ROS generation (24). Based on the proper-
ties of Rg1 on relieving autophagy in several types of cell, it 
was hypothesized that Rg1 may also promote antioxidative 
protection in renal tubular cells to inhibit autophagy.

The present study was perforned to investigate the poten-
tial for aldosterone to induce autophagy in NRK‑52E cells 
and to examine the effects of ginsenoside‑Rg1 on relieving 
aldosterone‑induced autophagy. In addition, the molecular 
mechanism underlying aldosterone‑induced autophagy and 
Rg1‑mediated therapy was investigated.

Materials and methods

Cell culture. The NRK‑52E rat renal tubular cell line was 
purchased from the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China). The cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; GE 
Healthcare Life Sciences, Logan, UT, USA) supplemented with 
5% fetal bovine serum (FBS; GE Healthcare Life Sciences), 
100 U/ml penicillin and 100 mg/ml streptomycin at 37˚C in 
5% CO2 air, conditioned at 100% humidity.

Drug treatment. The NRK‑52E cells were seeded in a 6‑well 
plate at a density of 0.5 million cells/well followed by drug 
treatment the following day. The NRK‑52E cells were incu-
bated with aldosterone (10‑8 M), NAC (50 mM), chloroquine 

(CL; 10 µM), 3‑Methyladenine (3‑MA; l4 mM) and rapamycin 
(1 ng/ml), respectively. All the above drugs were purchased from 
Sigma‑Aldrich (St. Louis, MO, USA). To inhibit autophagy, the 
cells were pre‑incubated with ginsenoside Rg1 (Rg1; 80 ng/ml) 
for 2 h (at 37˚C), following which aldosterone was added to the 
culture for up to 12 h. Rg1 (>98% pure) was purchased from 
DiDa Kexiang Biological Co., Ltd. (Guizhou, China). Cells 
treated with fresh medium only were used as the controls.

Transmission electron microscopy (TEM). For the analysis 
of autophagosomes using transmission electron microscopy 
(TEM), following treatment, the cells were washed briefly with 
phosphate‑buffer saline (PBS) and fixed with 3% glutaralde
hyde (Sangon Biotech, Shanghai, China) followed by 
post‑fixation with 1% OsO4 (Sangon Biotech). The sample 
was then dehydrated in acetone and embedded in Epon 812 
(Nissin EM, Tokyo, Japan). Ultra‑thin sections were prepared 
and stained with 2.0% uranyl acetate/lead citrate, which were 
further visualized using a Hitachi H‑600IV electron micro-
scope (Hitachi, Ltd., Tokyo, Japan).

Western blot analysis. For total protein extraction, the cells 
were rinsed with ice‑cold PBS containing 5 mM EDTA and 
lysed with radioimmunoprecipitation assay lysis buffer (20 µl; 
Sangon Biotech) containing 1  mM phenylmethylsulfonyl 
fluoride (Beyotime Biotech, Beijing, China) on ice. Following 
removal of cellular debris by centrifugation (at 13,000 rpm 
at 4˚C for 15 min), the protein concentration was determined 
using a bicinchoninic acid protein assay kit (Nanjing KeyGen 
Biotech Co., Ltd., Nanjing, China). Total protein (25 µg) was 
resolved on an 10% SDS‑PAGE gel (Solarbio, Beijing, China) 
and transferred onto a polyvinylidene difluoride membrane 
(EMD Millipore, Billerica MA, USA). Following blocking 
with 5% milk, the blot was probed with the indicated primary 
antibodies at 4˚C overnight, followed by washing with 
Tris‑buffered saline with Tween 20 three times for 5 min each 
time. The blots were then incubated with the corresponding 
secondary antibody, to recognize the primary antibody, at room 
temperature for 1 h. Following washing, as above, the signal 
was developed using Immobilon Western Chemiluminescent 
HRP substrate (EMD Millipore) and exposed to X‑ray film 
(Kodak, Rochester, NY, USA). The primary antibodies used in 
the present study were as follows: LC3‑II (#2775, polyclonal, 
rabbit anti‑mouse, 1:1,000; Cell Signaling Technology, Inc., 
Danvers, MA, USA), beclin‑1 (#3495S, polyclonal, rabbit 
anti‑mouse, 1:1,000; Cell Signaling Technology, Inc.), SOD2 
(#2299‑1, polyclonal, rabbit anti‑mouse, 1:2,000; Epitomics, 
Burlingame, CA, USA) and catalase (#8841, polyclonal, rabbit 
anti‑mouse, 1:1,000; Cell Signaling Technology, Inc.) and the 
secondary antibodies were horseradish peroxidase‑conjugated 
secondary anti‑mouse or anti‑rabbit antibodies (#ZB2301, goat 
anti‑rabbit, 1:5,000; ZSGB‑Bio, Beijing, China).

Immunofluorescence. For immunofluorescence, the NRK‑52E 
cells, grown on coverslips, were harvested at indicated 
time‑points and fixed with 4% paraformaldehyde (Sangon 
Biotech) at room temperature following a brief rinse with PBS. 
The cells were then washed twice with PBS, permeablized with 
2.5% Triton X‑100 (Sangon Biotech), blocked with 10% goat 
serum in PBS and incubated with primary rabbit polyclonal 
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anti‑LC3B antibody (#2775, polyclonal, rabbit anti‑mouse, 
1:400; Cell Signaling Technology, Inc.) overnight at 4˚C in a 
humidified chamber. Subsequently, the cells were incubated 
with Alexa Fluor® 488‑conjugated donkey anti‑rabbit IgG 
(H+L) secondary antibody (#A21206, 1:400; Invitrogen Life 
Technologies, Carlsbad, CA, USA) and rhodamine‑labeled 
phalloidin (#R415, 1:1,000; Invitrogen Life Technologies) at 
room temperature for 1 h. The nuclei of the cells were visu-
alized using 4',6‑diamino‑2‑phenylindole (DAPI) staining. 
Finally, immunofluorescence images were captured using 
a Nikon Eclipse 50i microscope (Nikon) and the number of 
green fluorescent puncta in 50 cells/group were counted..

Acridine orange staining. The NRK‑52E cells were grown on 
coverslips to 40% density, and treated with the indicated drug 
combinations, described above, for the indicated period of time. 
The cell medium was replaced with fresh medium containing 
acridine orange (0.05 g/ml; Sigma‑Aldrich) and Hoechst 33342 
(1 µg/ml; Invitrogen Life Technologies) and incubated for a 
further 15 min (at 37˚C) in the cell culture incubator. Following 
brief washing, the cells were fixed with 4% paraformaldehyde 
at room temperature for 10 min. The cells were subjected a to 
additional washing in PBS for 5 min, and the corresponding 
coverslip was mounted to a glass slide. Images of the cells were 
captured using a Nikon Eclipse 50i microscope (Nikon).

Measurement of intracellular levels of ROS. Intracellular 
ROS was measured using a 2,7‑dichlorofluorescin diacetate 
(DCFH‑DA) assay, which was performed according to the 
manufacturer's instructions (Nanjing KeyGen Biotech). 
Briefly, 5 µl DCFH‑DA (1 mM) was added to each well of a 
6‑well plate; Rosup (1:1,000) was added to the well as a posi-
tive control of ROS, and the cells were cultured for 30 min at 
37˚C in the dark. Following washing three times with PBS, 
the cells were analyzed using a flow cytometer (FACSAria; 
BD Biosciences, San Jose, CA, USA) and data were processed 
using the CellQuest program (version 3.2.1; BD Biosciences).

Data analysis. Data are presented as the mean ± standard 
deviation. Multiple groups of quantitative data were compared 
using analysis of variance. Data were analyzed using SPSS 
software 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Aldosterone promotes autophagy in NRK‑52E cells. To 
investigate the formation of autophagy in aldosterone‑treated 
NRK‑52E cells in the present study, TEM was used to 
observe the ultrastructural changes. This observation 
revealed that certain morphological changes had appeared, 
including the formation of double‑ and multiple‑membrane 
encapsulated portions of the cytoplasm and/or organelles 
(autophagosomes) (Fig. 1A). Increased numbers of autopha
gosomes were observed in the aldosterone‑treated NRK‑52E 
cells, compared with the control cells (Fig. 1B). In order to 
further confirm that the autophagy in the NRK‑52E cells was 
induced by aldosterone, immunofluorescence analysis was 
performed. The NRK‑52E cells were treated with anti‑LC3B 
antibody, following which the green fluorescent puncta, which 

represented autophagosomes, were examined under fluores-
cence microscopy (Fig. 1C). Prior to antibody treatment, the 
cells were pre‑incubated with either buffer (control), aldo-
sterone, rapamycin, rapamycin + aldosterone, chloroquine, 
chloroquine + aldosterone, 3‑MA or 3‑MA + aldosterone for 
2 h. Subsequently, the green fluorescent puncta of 50 cells 
in each group were counted (Fig. 1D). Western blot analysis 
demonstrated that aldosterone promoted the expression 
of Beclin‑1 and the conversion of LC3‑I to LC3‑II in the 
NRK‑52E cells (Fig. 1E and F).

Aldosterone induces autophagy through the generation 
of ROS. The NRK‑52E cells were stained with acridine 
orange to investigate the formation of aldosterone‑induced 
autophagic vacuoles (Fig. 2A and B). Under confocal micros-
copy, the number of autophagic vacuole was significantly 
increased in the cells treated with aldosterone, rapamycin, 
and rapamycin + aldosterone. Notably, fewer green fluorescent 
puncta were observed following incubation with 3‑MA and 
NAC, compared with the aldosterone‑induced cells. Western 
blot analysis demonstrated that the expression of Beclin‑1 and 
LC3‑II were inhibited in the cells treated with NAC (Fig. 2C 
and E). Western blot analysis was also performed to detect 
the expression levels of SOD2 and catalase. The cells treated 
with aldosterone promoted the expression levels of SOD2 and 
catalase, inversely, the expression levels of SOD2 and catalase 
were inhibited in the NAC‑pretreated cells (Fig. 2D and F).

To determine the levels of oxidative stress in the aldoste-
rone‑treated cells, the cells were stained with DCFH‑DA, which 
is oxidized to DCF by intracellular ROS, and the fluorescence 
of the DCF was measured using flow cytometry (Fig. 3). The 
results revealed that treatment with NAC markedly reduced 
the generation of aldosterone‑induced ROS. Rosup was used 
as a positive control. Taken together, these findings suggested 
that cells treated with NAC repressed the aldosterone‑induced 
autophagy by inhibiting the generation of ROS.

Effects of Rg1 on aldosterone‑induced autophagy in NRK‑52E 
cells. To investigate the effects of Rg1 on aldosterone‑induced 
autophagy, the NRK‑52E cells were pre‑treated with control 
(buffer), aldosterone, Rg1 and Rg1 + aldosterone, and the 
proteins were isolated from these cells to perform western blot 
analysis for catalase, SOD2, LC3B and Beclin‑1. The results 
demonstrated that cells incubated with aldosterone showed 
higher protein levels of SOD2 and catalase, compared with the 
control cells, and the cells treated with Rg1 exhibited lower 
protein levels of SOD2 and catalase following pre‑treatment 
with aldosterone, compared with the cells treated with aldo-
sterone only. This indicated that Rg1 inhibited the generation 
of ROS. In addition, the protein levels of LC3‑II and Beclin‑1 
were significantly increased in the aldosterone‑treated cells, 
compared with the control, however, when the cells incubated 
with Rg1 following aldosterone treatment, the protein levels of 
LC3‑II and Beclin‑1 decreased (Fig. 4). These data suggested 
that Rg1 relieved aldosterone‑induced autophagy by inhibiting 
the generation of ROS in the NRK‑52E cells.

Rg1 inhibits aldosterone‑induced autophagy in NRK‑52E 
cells by regulating the AMPK/mTOR signaling pathway. To 
investigate the signaling pathway involved in the inhibition of 
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autophagy by Rg1, the presents study performed western blot 
analysis for phosphorylated (p)‑AMPK and AMPK (Fig. 5A). 
Proteins were isolated from the cells following incubation 

with buffer, aldosterone, aldosterone  +  Compound C or 
aldosterone + Rg1 for 12 h. Following pre‑treatment with aldo-
sterone, the expression of p‑AMPK in the NRK‑52E cells was 

Figure 1. Aldosterone promotes autophagy in NRK‑52E cells. (A) Cells were treated with buffer (control) or 10 nmol/l aldosterone for 12 h, respectively. 
Under a transmission electron microscope (original magnification, x10,000), increased numbers of autophagosomes were observed in the ALDO‑treated cells. 
(B) Comparison of the number of autophagosomes between the control and ALDO‑treated cells, 20 cells were counted in each group (n=3). *P<0.05, vs. control. 
(C) Immunofluorescence analysis of the expression of LC3‑II in NRK‑52E cells exposed to drugs for 12 h. Green fluorescent puncta represent autophagosomes. 
Images were captured under fluorescence microscopy (magnification, x630). (D) Percentage of autophagosomes with green‑fluorescent puncta in each group 
(50 cells/group; n=3). **P<0.01, vs. control. *P<0.05 vs. rapamycin. #P<0.05 vs. CL. (E) Western blot analysis to determine the protein levels of LC3‑I, LC3‑II 
and Beclin‑1. (F) Quantification of protein levels normalized to β‑actin. *P<0.05, vs. control in the LC3‑II group. **P<0.01, vs. control in the Beclin‑1 group. 
Data are expressed as the mean ± standard deviation. ALDO, aldosterone; 3-MA, 3‑Methyladenine; CL, chloroquine; Rapa, rapamycin.

  A   B

  C

  D   E

  F
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significantly increased, compared with the control, however, 
there was no significant change in the expression of AMPK, 
suggesting that aldosterone may induce the phosphorylation of 
AMPK. However, the expression of p‑AMPK was reduced to 
normal levels following incubation of the aldosterone‑treated 

cells with Compound C, which is an inhibitor of AMPK. In 
addition, the expression of p‑AMPK was also reversed in the 
aldosterone‑treated cells by Rg1, indicating that Rg1 may 
reduce the aldosterone‑induced phosphorylation of AMPK. 
The ratio of p‑AMPK/AMPK was calculated to measure the 

Figure 2. Aldosterone‑induced autophagy is reduced through inhibition of reactive oxygen species generation. (A) NRK‑52E cells were incubated with acridine 
orange (0.05 µg/ml) and Hoechst 33342 (1 µg/ml) for 15 min following drug treatment for 12 h, and were observed using confocal microscopy. Green fluores-
cent puncta represent autophagic vacuoles (magnification, x800). (B) Number of autophagic vacuoles in each group (50 cells/group; n=3). **P<0.01, vs. control. 
*P<0.05, vs. aldosterone. (C) Western blot analysis to detect the protein levels of Beclin‑1, LC3‑I and LC3‑II in NRK‑52E cells exposed for 12 h to buffer 
(control), ALDO, NAC or NAC + ALDO. (D) Western blot analysis to detect the protein levels of SOD2 and catalase. (E) Quantification of protein levels of 
Beclin‑1, LC3‑I and LC3‑II, normalized to β‑actin. *P<0.05, vs. aldosterone in each group. (F) Quantification of protein levels of SOD2 and catalase, normal-
ized to β‑actin. *P<0.05, vs. aldosterone in each group. Data are expressed as the mean ± standard deviation. ALDO, aldosterone; 3-MA, 3‑Methyladenine; 
NAC, N‑acetylcysteine; SOD2, superoxide dismutase 2.
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phosphorylation of AMPK (Fig. 5B). It was previously demon-
strated that activated AMPK induces autophagy in cells by 
inhibiting the activation of mTOR and phosphorylation of 
p70 ribosomal S6 protein kinase (P70S6K), which acts as an 
important downstream target protein in the mTOR signaling 
pathway (25). Therefore, the present study performed western 
blot analysis for p‑P70S6K and P70S6K (Fig. 5C). Proteins 
were harvested from the cells following pre‑treatment with 
buffer, aldosterone, Rg1 and aldosterone + Rg1 for 24 h. 
The results demonstrated that the expression of p‑P70S6K 
was markedly reduced in the aldosterone‑treated cells, 
compared with the control, and incubation of the cells with 
aldosterone and Rg1 reversed the reduced expression of 
p‑P70S6K to normal, suggested that Rg1 recovered the phos-
phorylation of P70S6K, which reduced by aldosterone. The 
p‑P70S6K/P70S6K ratio was calculated to measure the phos-
phorylation of P70S6K (Fig. 5D). Taken together, these data 
suggested that Rg1 inhibited aldosterone‑induced autophagy 
through regulation of the AMPK/mTOR signaling pathway in 
NRK‑52E cells.

Discussion

In the present study, NRK‑52E cells were exposed to aldo-
sterone to examine the potential for aldosterone to induce 
autophagy in renal tubular epithelial cells, and to investigate 
the association between aldosterone‑induced autophagy and 
ROS generation, as well as the effects of Rg1 on this process. 
Initially, increased autophagosomes and elevated conversion 
of LC3‑I to LC3‑II were observed in the aldosterone‑treated 
NRK‑52E cells, suggesting enhanced autophagy in these cells, 
which was further validated using acridine orange staining, flow 
cytometry and western blot analysis. Furthermore, increased 
ROS generation was observed to mediat aldosterone‑induced 
autophagy and this was reversed by Rg1, possibly through 
regulation of the AMPK/mTOR signaling pathway.

Aldosterone is involved in various renal pathologies, 
including glomerulosclerosis, proteinuria and fibrosis (26). A 
number of previous studies investigating the role of aldosterone 
in renal diseases have revealed the importance of aldosterone in 
the processes of inflammation and fibrosis (27,28). Furthermore, 

Figure 3. Effects of NAC on aldosterone‑induced reactive oxygen species generation in NRK‑52E cells. (A) Flow cytometry for DCF fluorescence following 
DCFH‑DA staining. NRK‑52E cells were incubated with the drugs for 12 h prior to performing flow cytometry. Rosup was used as a positive control. 
(B) Quantification of the DCG fluorescence. Results are expressed as the mean ± standard deviation (n=3). **P<0.01, vs. control; *P<0.05, vs. aldosterone. 
ALDO, aldosterone; NAC, N‑acetylcysteine; FITC, fluorescein isothiocyanate; SSC-A, side scatter area; DCF, 2,7‑dichlorofluorescin.
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these reports also demonstrated that aldosterone promotes 
the production of ROS via MR‑dependent mechanisms, and 
that inhibiting ROS synthesis can prevent the progression 
of proteinuria and ameliorate renal injury, suggesting the 
importance of oxidative stress in aldosterone‑induced renal 
injury. However, accumulating evidence has suggested that 
ROS is important for the regulation of autophagy. Thus, the 
present study hypothesized that aldosterone promotes renal 
injury through inducing autophagy via the generation of ROS. 

Our previous report demonstrated that aldosterone induces 
podocyte autophagy through the ROS signaling pathway (24). 
In the present study, to further investigate the importance of 
aldosterone in renal injury, aldosterone‑induced autophagy 
was examined in the NRK‑52E renal tubular cell line, which is 
another important cell in kidney.

To investigate the effects of aldosterone in NRK‑52E cells, 
the cells were exposed to 10 nmol/l aldosterone, and the results 
revealed that the formation of autophagosomes was notably 

Figure 4. Effects of Rg1 on aldosterone‑induced autophagy in NRK‑52E cells. (A) Western blot analysis to detect the protein levels of catalase, SOD2, LC3‑I, 
LC3‑II and Beclin‑1. Proteins were isolated from cells following pre‑treatment with buffer (control), ALDO, Rg1 or Rg1 + ALDO. (B) Quantification of 
protein levels normalized to β‑actin. *P<0.05, vs. aldosterone in each group. Data are expressed as the mean ± standard deviation. ALDO, aldosterone; SOD2, 
superoxide dismutase 2; Rg1, ginsenoside‑Rg1.

Figure 5. Rg1 inhibits aldosterone‑induced autophagy in NRK‑52E cells by regulating the AMPK/mTOR signaling pathway. (A) Western blot analysis to detect 
the protein levels of p‑AMPK and AMPK. Proteins were isolated from cells following pre‑treatment with buffer (control), ALDO, ALDO + Compound C or 
ALDO + Rg1, (B) Value of p‑AMPK/AMPK. *P<0.05, vs. aldosterone. (C) Western blot analysis to detect the protein levels of p‑P70S6K and P70S6K. Proteins 
were isolated from the cells following pretreatment with buffer (control), ALDO, Rg1 or ALDO + Rg1. (D) Value of p‑P70S6K/P70S6K. *P<0.05, vs. aldoste-
rone. Data are expressed as the mean ± standard deviation.ALDO, aldosterone; SOD2, superoxide dismutase 2; Rg1, ginsenoside‑Rg1; P70S6K, p70 ribosomal 
S6 protein kinase; p-P70S6K, phosphorylated P70S6K.
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increased in cells treated with aldosterone, compared with the 
control cells. Consistent with previous reports, chloroquine 
and rapamycin markedly promoted autophagy in the aldoste-
rone‑treated cells in the present study (23,24). Chloroquine is a 
lysosomal inhibitor, which inhibits lysosome‑autophagosome 
fusion, and rapamycin is an inhibitor of mTOR. To investigate 
the formation of autophagosomes, the present study measured 
the LC3‑II, the protein levels of which in cells represent the 
dynamic balance between the production and degradation of 
autophagosomes (13). The results revealed that the expres-
sion of LC3‑II was elevated in aldosterone‑treated cells. 
In addition, the expression of Beclin‑1, which is involved in 
the formation of autophagosomes, was markedly increased 
in these cells. In the present study, the results of the immu-
nofluorescence analysis demonstrated that the effects on the 
cells treated with aldosterone were the same effects as those 
exposed to chloroquine or rapamycin, and further enhanced 
aldosterone‑induced autophagy. By contrast, 3‑MA inhibited 
the formation of autophagosome in the aldosterone‑treated 
cells. These results suggested that aldosterone promoted 
autophagy in the NRK‑52E cells.

To elucidate the role of antioxidation in autophagy in 
the present study, the NRK‑52E cells were treated with the 
antioxidant, NAC, following incubation with aldosterone, 
which resulted in the formation of fewer autophagosomes in 
the NAC + aldosterone treatment group, compared with the 
aldosterone treatment group, assessed by staining with acri-
dine orange. Further investigation demonstrated that cellular 
antioxidative enzymes, including SOD2 and catalase, were 
increased in aldosterone‑treated cells, indicatinga protective 
mechanism against ROS‑mediated injury. In addition, the 
protein levels of SOD2 and catalase were notably decreased 
in the cells treated with NAC, which also inhibited the expres-
sion of Beclin‑1 and LC3‑II. Results of the flow cytometry also 
confirmed the increased oxidation in the aldosterone‑treated 
cells, which was reversed by NAC. Therefore, it was hypoth-
esized that inhibiting the generation of ROS can reduce 
aldosterone‑induced autophagy.

Due to the property of antioxidants, ginsenoside‑Rg1 was 
used to inhibit the generation of ROS, thereby attempting to 
reduce aldosterone‑induced autophagy in the NRK‑52E cells. 
Previous reports have already demonstrated the role of Rg1 
in inhibiting autophagy in hypoxia/reoxygenation‑treated 
H9c2 cardiomyocytes. The results of the present study 
revealed that the cells pretreated with Rg1 reduced the 
expression of SOD2, catalase, Beclin‑1 and LC3‑II. In 
addition, Rg1 significantly inhibited aldosterone‑induced 
autophagy. To investigate the signaling pathways involved 
in Rg1 inhibiting autophagy, the expression levels of AMPK 
and p‑AMPK were examined. AMPK is a major regulator 
of energy homeostasis, and adenosine triphosphate depletion 
can activate AMPK to decompose fatty acids and induce 
autophagy (29). In addition, AMPK can activate TSC1/2, and 
inhibit Rheb and mTORC1, promoting autophagy. P70S6K, 
is a downstream serine/threonine kinase of mTOR, and 
activated mTOR is involved in several cellular functions by 
phosphorylating specific factors, including P70S6K (30). 
In the present study, Rg1 inhibited the activation of AMPK 
by reducing the phosphorylation of AMPK and increasing 
the expression of p‑P70S6K in the NRK‑52E cells, which 

revealed that the activation of Rg1 may involve in AMPK/
mTOR signaling pathway.

In conclusion, the present study demonstrated that aldo-
sterone induced autophagy via the generation of ROS in 
NRK‑52E cells. Rg1 notably relieved oxidative stress in the 
aldosterone‑pre‑treated NRK‑52E cells and inhibited the 
activation of AMPK to sustain mTOR activity, thereby mark-
edly reducing aldosterone‑induced autophagy. These findings 
provide novel insight into the protective effects of Rg1 in renal 
tubular cells and may assist in developing novel treatments for 
kidney diseases.
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