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ABSTRACT
Aldosterone exerts an enormous function on proximal tubular cells (PTC) senescence, which is a
common pathomechanism contributing to renal dysfunction. Numerous studies have shown that
oxidative stress is deeply involved in the pathophysiologic processes of chronic kidney diseases.
The study aims to investigate whether autophagy could regulate the process of senescence
through oxidative stress in PTC both in vivo and ex vivo. Our results suggested that aldosterone
treatment increased the senescence and oxidative stress as evidenced by increased percent of
SA-b-Gal positive cells, reactive oxygen species level, expression of NADPH oxidase 4 (NOX4)
rather than NOX2, and the up-regulation of p21 in cultured PTC. Furthermore, the alternation of
the expression of p62 and LC3-II/LC3-I demonstrated that aldosterone treatment remarkably
influenced autophagic flux. NOX4 siRNA treatment or autophagy induction with rapamycin
reduced the oxidative stress and senescence in aldosterone-induced PTC. On the contrary, inhib-
ition of autophagy with chloroquine worsened these changes. Similar results were further con-
firmed in vivo. Our results suggested that autophagy may become a realistic therapeutic strategy
against aldosterone-induced PTC injury via improving oxidative stress.
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Introduction

Cell senescence, which is a complex state characterized
by cell cycle arrest, contributes to renal dysfunction
[1,2]. Over the past few decades, plenty of studies have
documented that proximal tubular cells (PTC) senes-
cence is deeply involved in the pathogenesis of kidney
diseases, including diabetic nephropathy [3], renal
aging [4], chronic CsA nephropathy [5], and so on.
Aldosterone (Aldo), which is considered as a significant
risk factor of chronic kidney disease (CKD), has become
a focus of research [6]. Recently, studies indicated that
cyclin-dependent kinase inhibitors, p21 and p53, were
likely to participate in Aldo-induced PTC senescence,
and this kind of aging was different from replicating
aging [7]. Inhibiting the process of senescence could be
an effective strategy to prevent the progression of kid-
ney diseases.

A great deal of evidence showed that oxidative
stress (OS) exerts an enormous influence on the senes-
cence of PTC [2]. OS is a complex process featured by
abnormal reactive oxygen species (ROS) accumulation,
which is deemed to be the reason for DNA oxidative
damages and mitochondrial dysfunction [8]. Previous
studies showed that ROS is released mainly from dam-
aged mitochondrial and NADPH oxidase (NOX), includ-
ing NOX1, NOX2, NOX4, et al. [9]. Our previous research
demonstrated that ROS production pushed forward an
immense influence on the pathogenesis of Aldo-
induced kidney injury [10,11]. Therefore, attenuating
ROS production is considered as a novel therapeutic
strategy on Aldo-induced tubular senescence.

Autophagy is an essential, conserved self-eating pro-
cess that cells perform to allow the degradation of
intracellular components. The process requires the for-
mation of a double-membrane structure containing the
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sequestered cytoplasmic material, the autophagosome,
which ultimately fuses with the lysosome [12]. Plenty of
studies have demonstrated that autophagy rises a key
function in the regulation of aging process [13,14].
Nevertheless, it is not clear whether autophagy is
related to Aldo-induced senescence in PTC. Hence, we
hypothesize that autophagy may protect PTC from
Aldo-induced senescence both in vivo and in vitro. This
study aims at verifying the effects of the autophagy
process on senescence of Aldo-induced PTC and explor-
ing the possible molecular mechanism related to OS.
Our results indicated the protective role of autophagy
against Aldo-induced PTC senescence through down-
regulation of OS, a mechanism that could be the regu-
lating target to reduce the Aldo-induced renal injury.

Materials and methods

Materials

Aldo, Rapamycin (Rap), and Chloroquine (CQ) were
obtained from Sigma Aldrich (St. Louis, MO). Anti-LC3
(4108) and anti-GAPDH (8884) antibodies were purchased
from Cell Signaling Technology (Beverly, MA). Anti-p62
(ab109012), Anti-p21 (ab109199), anti-NOX2 (ab129068)
and anti-NOX4 (ab109225) antibodies were purchased
from Abcam (Cambridge, MA). Anti-b-actin (AB2001) was
purchased from Abways. ROS/RNS Assay Kit (ab238535)
was purchased from Abcam (Cambridge, MA).

Animal preparation

Animal models were prepared as previously reported
[15]. All experimental procedures were performed
according to the guidelines for the care and use of ani-
mals established by Nantong University. Twenty-four
healthy male rats (Sprague-Dawley, 180–200 g) were
housed under standard conditions and randomly
assigned to 4 groups (n¼ 6) as follows: control group,
Aldo group, Aldoþ Rap group, and AldoþCQ group.
All of the rats underwent a right uninephrectomy oper-
ation in the first week to generate a disease model.
Two weeks later, osmotic minipump (Alzet, Cupertino,
CA; model 2004) was used to deliver Aldo (0.75 lg/h) to
rats in Aldo group, Aldoþ Rap group and AldoþCQ
group, or vehicle in control group. The delivery of Rap
(1mg/kg per day, intraperitoneal [ip]) or CQ (60mg/kg
per day, ip) was synchronized with Aldo. The rats in
control group and Aldo group were treated with iso-
pynic solvent. Rap or CQ were dissolved in DMSO
(0.5%) and phosphate buffer saline (PBS, 99.5%). During
the experimental period, the drinking water of all
groups was supplemented with 1% NaCl. Blood and

kidney tissues were harvested after 4weeks. Partial kid-
ney tissues were quickly removed and stored in a freez-
ing tube at �80 �C. The remaining renal samples were
fixed in paraformaldehyde for histological examination.

Cell culture

The human kidney epithelial cell line HK-2 was obtained
from ATCC and cultured in DMEM/F12 medium supple-
mented with 10% fetal bovine serum (FBS). HK-2 cells
were incubated with the following four drug combina-
tions: no drug control, Aldo (100 nM, 24 h), Aldoþ Rap
(1mM, 24 h), AldoþCQ (20lM, 24 h). Rap and CQ were
dissolved in DMSO. DMSO was used as a control.

To knockdown NOX4 in HK-2 cells, 80 nM siRNA spe-
cifically targeting NOX4 or negative control (Con) siRNA
was transfected using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. Nox4 siRNA sequence is as follow:
GCAGGAGAACCAGGAGAUU’.

Senescence-associated beta-galactosidase (SA-
b-Gal) staining

Senescence-associated SA-b-gal staining was performed
as described in the manufacturer’s protocol (Cell
Signaling Technology).

HK-2 cells seeded in six-well plates were treated as
described previously. After 24h, cells were washed with
PBS and fixed in 2% formaldehyde/0.2% glutaraldehyde.
Then the fixed cells were incubated overnight at 37 �C
(without CO2) with SA-b-Gal staining solution.
Subsequently, we chose 100 to 200 cells randomly in six
microscopic fields and counted the positive cells to deter-
mine the percentages.

The cryostat sections of kidney tissues were incu-
bated with SA-b-Gal staining solution at 37 �C over-
night. To maintain its sensitivity, we performed the
staining at pH 5.5 at all times. To demonstrate morph-
ology, we stained tissues with eosin after SA-b-Gal
staining. SA-b-Gal-positive cells were counted in five
randomly chosen fields per section at �100 magnifica-
tion stained in blue.

ROS production

Relative changes of ROS levels in HK-2 cells were
detected by 20, 70-dichlo-rofluorescein (DCF) at 37 �C in
the dark using ROS/RNS Assay Kit following the instruc-
tions. Then cells were washed twice in PBS, and fluores-
cence was measured using a fluorescent microplate
reader (FlexStation II384, MolecularDevice, CA).
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Immunofluorescence staining

The HK-2 cells were fixed with cold acetone. 3% bovine
serum albumin (BSA) was used to block antigen and
the cells were incubated with the primary antibody
against LC3 (1:200) at 4 �C overnight. Then, we washed
the sections with PBS and incubated them with a tetra-
methylrhodamine isothiocyanate (TRITC)-conjugated
secondary antibody (Sigma-Aldrich) in the dark for 1 h.
After being washed with PBS, cells were visualized with
a Nikon Eclipse 80i Epi-fluorescence microscope.

Dihydroethidium (DHE) staining

Frozen kidney segments were stained with DHE (50lM,
Invitrogen, Carlsbad, CA) in the dark (37 �C, 30min).
Laserscanning confocal microscope system (Bio-Rad
Laboratories, Hercules, CA) was used in Image

acquisition to assess the intensity. The intensities of
DHE fluorescence in the renal tubules were assessed
and calculated with Image pro plus 6.0 software.

Immunohistochemistry

Immunohistochemical stains were performed using 3-
lm thick renal sections. After antigen retrieval, the sec-
tions were incubated with the primary antibodies
against LC3 (1:1000) and NOX4(1:200), then HRP-
coupled secondary antibodies (Vectastain elite, Vector
Labs) were used to label them. All experiments were
repeated three times.

Electron microscopy

Kidney tissues were first fixed in a solution containing
2.5% formaldehyde-glutaraldehyde, then postfixed in a

Figure 1. NOX4 is mediated at Aldo-induced OS and senescence in HK-2 cells. (A) Western blot analysis showed the expression
of NOX4, NOX2, and GAPDH proteins in HK-2 cells after treatment without or with 100nM Aldo for 24 h (n¼ 3). (B) Equal num-
bers of HK-2 cells were incubated in media containing buffer (Control), siRNA-Con or siRNA-NOX4 with or without Aldo for 24 h
as indicated. The whole cell lysate was immunoblotted with antibodies against NOX4, p21, and GAPDH (n¼ 3). (C) The graphical
presentation showed the relative abundance levels of NOX4 and p21 after normalization with GAPDH (n¼ 3). (D) Quantification
of 2’, 7’-dichlo-rofluorescein (DCF) fluorescence in various groups as indicated (n¼ 3). (E) SA-b-gal activity, which appears as
bright-blue granular staining in the cytoplasm of HK-2 cells in various groups as indicated (n¼ 3). #p< 0.05 vs. normal control,�p< 0.05 vs. Aldo alone or Aldoþ siRNA Con.
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1% osmium tetroxide solution and dehydrated in etha-
nol. The propylene oxide was used to replace the etha-
nol in the tissues. Finally, we embedded the blocks with
an epoxy resin and sliced them into ultrathin sections.

The sections were double-stained with lead citrate and
uranyl acetate. All the sections were observed by trans-
mission electron microscope (TEM, JEOL JEM-1010,
Tokyo, Japan).

Figure 2. Blocking autophagy worsened Aldo-induced OS and senescence in HK-2 cells. (A) Western blot analysis revealed the
expression of LC3-II/LC3-I, p62, and GAPDH proteins in HK-2 cells after various treatments as indicated (n¼ 3). (B) The graphical
presentation indicates the relative abundance levels of LC3-II/LC3-I and p62 after normalization with GAPDH (n¼ 3). (C)
Immunofluorescence staining for LC3 in HK-2 cells, which were incubated in media containing buffer (Control), Aldo, or
Aldoþ CQ for 24 h as indicated (n¼ 3). (D) SA-b-gal activity, which appears as a bright-blue granular staining in the cytoplasm
of HK-2 cells in various groups as indicated (n¼ 3). (E) Quantification of 2’, 7’-dichlo-rofluorescein (DCF) fluorescence in various
groups as indicated (n ¼ 3). (F) Western blot analysis showed the expression of p21 and GAPDH proteins in HK-2 cells after vari-
ous treatments as indicated (n¼ 3). (G) Graphical presentation shows the relative abundance levels of p21 and NOX4 after nor-
malization with GAPDH (n¼ 3). #p< 0.05 vs. normal control, �p< 0.05 vs. Aldo alone.
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Western blotting

Proteins from kidney tissues or HK-2 cells were sepa-
rated by SDS-PAGE and transferred to a nitrocellulose
membrane. Then we incubated the membranes with
the primary antibodies against LC3 (1: 1000), P62

(1:1000), NOX2 (1:1000), NOX4 (1:1000), p21 (1:1000), or
GAPDH (1:1000) at 4 �C overnight. After three washes
with PBS, we incubated the nitrocellulose membranes
with HRP-conjugated secondary antibodies for 1 h at
room temperature. Finally, the Amersham ECL
Detection System (Amersham, Buckinghamshire, UK)

Figure 3. Rap improved Aldo-induced OS and senescence in HK-2 cells. (A) Immunofluorescence staining for LC3 in HK-2 cells,
which were incubated in media containing buffer (Control) or Aldo with or without Rap for 24 h as indicated (n¼ 3). (B) Western
blot analysis revealed the expression of LC3-II/LC3-I, p62, and GAPDH proteins in HK-2 cells after various treatments as indicated.
(C) Graphical presentation indicated the relative abundance levels of LC3-II/LC3-I and p62 after normalization with GAPDH
(n¼ 3). (D) SA-b-gal activity, which appears as bright-blue granular staining in the cytoplasm of HK-2 cells in various groups as
indicated (n¼ 3). (E) Quantification of 2’, 7’-dichlo-rofluorescein (DCF) fluorescence in various groups as indicated (n¼ 3). (F)
Western blot analysis showed the expression of p21, NOX4, and GAPDH proteins in HK-2 cells after various treatments as indi-
cated (n¼ 3). (G) Graphical presentation shows the relative abundance levels of p21 and NOX4 after normalization with GAPDH
(n¼ 3). #p< 0.05 vs. normal control, �p< 0.05 vs. Aldo alone.
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Figure 4. Aldo induced autophagy in kidney proximal tubules in vivo. (A) Western blot analysis revealed the expression of LC3-II/
LC3-I, p62, and GAPDH proteins after various treatments in rats, as indicated (n¼ 3). (B) Graphical presentation showed the rela-
tive abundance levels of LC3-II/LC3-I and p62 after normalization with GAPDH (n¼ 3). (C) Immunohistochemical staining for LC3
in rat kidney tissue from various groups, as indicated (n¼ 6). (D) Representative electron micrographs showing autophagic
vacuoles in PTCs (n¼ 6). The red arrow indicates autophagosomes. Scale bar ¼ 2lm. (E) Bar graph indicating the
Autophagosomes/ENP in various groups (n¼ 6). #p< 0.05 vs. normal control, �p< 0.05 vs. Aldo alone.
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was used to visualize the membranes. Quantity One
Software (Bio-Rad) was adopted to quantify the densi-
tometry of immunoreactive bands.

Statistical analyses

All data were analyzed using SPSS 19.0 statistics soft-
ware. Comparisons between groups were using one-
way ANOVA followed by Dunnett’s multiple comparison

tests or Student’s t-test. p< 0.05 was considered statis-
tically significant.

Results

Effect of NOX4 in Aldo-induced OS and senescence
in HK-2 cells

Because OS contributed to Aldo-induced PTC injury and
NADPH oxidases were known as a source of ROS, we

Figure 5. Autophagy regulated OS and senescence in PTCs of Aldo-induced rats. (A) Senescence-associated-galactosidase (SA-
b-Gal) Staining in rat renal cortex (n¼ 6). SA-b-Gal is labeled by bright-blue in the PTCs. (B) Bar graph indicating the percentage
of SA-b-Gal positive cells per field in tubular. (C) DHE staining of rat kidney sections (n¼ 6). (D) Bar graph indicating the mean
DHE intensity per field in rat tubular cells. (E) Immunohistochemical staining for NOX4 in rat kidney tissues from various groups,
as indicated (n¼ 6). (F) Bar graph indicating NOX4 immunoreactivity per field in rat tubular cells. (G) Western blot analysis
revealed the expression of NOX4, p21, and GAPDH proteins after various treatments in rats (n¼ 3). (H) Graphical presentation
shows the relative abundance levels of NOX4 and p21 after normalization with GAPDH (n¼ 3). #p< 0.05 vs. normal control,�p< 0.05 vs. Aldo alone.
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firstly detected the level of NOX2 and NOX4 (the two
main members of NADPH oxidases family).
Interestingly, Aldo treatment increased the expression
of NOX4, but not NOX2 (Figure 1(A)). NOX4 siRNA inter-
vention abrogated the expression of p21 (Figure 1(B,C)),
ROS level (Figure 1(D)) and the SA-b-Gal staining posi-
tive senescence cells (Figure 1(E)) induced by Aldo, sug-
gesting that NOX4-mediated OS was partially
responsible for Aldo-induced cell senescence.

Inhibition of autophagy aggravated Aldo-induced
OS and senescence in HK-2 cells

As CQ can inhibit autophagic flux by decreasing the for-
mation of autolysosome [16], we detected the level of
p62 and LC3-II/LC3-I in the presence or absence of CQ
in Aldo-treated HK-2 cells to investigate whether
impaired autophagic flux could affect OS and senes-
cence. The results showed that Aldo induced a striking
alternation of LC3-II/LC3-I ratio and the expression of
p62, both of which were enhanced after CQ treatment
(Figure 2(A,B)). Immunofluorescence staining of LC3
confirmed these results (Figure 2(C)). All these data indi-
cated that Aldo treatment increased autophagy flux in
HK-2 cells in vitro.

To further prove the impact of autophagy in Aldo-
induced senescence, we evaluated the senescence
parameters in the presence of CQ. Compared with the
Aldo group, it was found that CQ treatment signifi-
cantly increased the SA-b-Gal positive staining rate
(Figure 2(D)), ROS level (Figure 2(E)), and the expres-
sions of p21 (Figure 2(F,G)). These results demonstrated
that inhibiting autophagy worsened Aldo-induced PTC
senescence in vitro.

Activating autophagy improved Aldo-induced OS
and senescence in HK-2 cells

Rap is the most common strategy of autophagy activa-
tion [17]. To investigate the impact of autophagy in
Aldo-induced PTC senescence, Rap was applied to treat
the HK-2 cells. Compared to cells treated with Aldo
alone, Rap further increased LC3 dots (Figure 3(A)), LC3-
II/LC3-I ratio and decreased the expression of p62
(Figure 3(B,C)), suggesting that Rap treatment further
enhanced the autophagy in HK-2 cells, with remarkably
reduced Aldo-induced OS and senescence shown in
Figure 3(D,E). Furthermore, lower expression of p21 was
detected after Rap treatment compared with Aldo
groups (Figure 3(F,G)).

Aldo induced autophagy in kidney proximal
tubules in vivo

In order to further explore the role of autophagy in PTC
senescence, a rat model induced by Aldo was estab-
lished. As shown in Supplementary Figure 1, Aldo sig-
nificantly increased the levels of serum creatinine (SCr)
and blood urea nitrogen (BUN), while the treatment of
Rap attenuated the kidney injury. In contrast, CQ treat-
ment worsened the Aldo-induced damage
(Supplementary Figure 1). Figure 4(A) showed that Aldo
significantly up-regulated the ratio of LC3-II/LC3-I in
renal tissues and enhanced degradation of p62 (Figure
4(A,B)). Immunohistochemical staining of LC3 showed
the formation of autophagosomes in kidneys.
Consistent with the above results, LC3 was diffusely dis-
tributed throughout the cells, while LC3 was punctated
in control group. Furthermore, intense dot-like LC3
staining puncta appeared in Aldo treated group indicat-
ing the formation of autophagosomes (Figure 4(C)). To
further detect the autophagy flux in proximal tubule
cells, electron microscopy was used to evaluate the for-
mation of autophagic vacuoles (Figure 4(D,E)). We
explored the levels of mineralocorticoid receptor at
the same time. It showed that Rap or CQ did not
change the expression of mineralocorticoid receptor
(Supplementary Figure 2). In brief, these results pro-
vided convincing proof for the occurrence of autoph-
agy in Aldo-induced renal damage. As expected,
treatment with Rap increased autophagic activity,
whereas CQ treatment blocked autophagy in Aldo-
infused rats (Figure 4).

Autophagy regulated Aldo-induced senescence
and oxidative stress in PTC in vivo

In accordance with a previous study [18], infusion with
Aldo increased the SA-b-Gal staining in PTC of rats, but
not in vehicle-infused rats (Figure 5(A)). Activation of
autophagy by Rap reduced the SA-b-Gal activity, while
the inhibition of autophagy by CQ worsened the Aldo-
induced SA-b-Gal activity changes in PTC of rats. To
prove autophagy could protect PTC against senescence
via reducing OS in Aldo-infused rats, we detect the DHE
level to evaluate the OS status in rats from each group.
Compared with the control rats, the DHE level was ele-
vated in PTC of Aldo-induced rats (Figure 5(C,D)).
Similar to the in vitro study, Aldo infusion increased the
expression of NOX4 (Figure 5(E,F)). Rap treatment abro-
gated the up-regulation of DHE and decreased the
expression of NOX4. As shown in Figure 5(G,H), Aldo
infusion remarkably up-regulated the level of p21. On
the contrary, CQ treatment further enhanced OS and
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the expression of NOX4 in PTC in Aldo-induced rats
(Figure 5). Taken together, these results suggested that
autophagy played a protective role against the senes-
cence of PTC in this experimental animal model.

Discussion

In this study, we demonstrated that NOX4 mediated OS
and senescence in Aldo-induced kidney injury.
Meanwhile, autophagy could attenuate Aldo-induced
PTC senescence through improving OS. Thus, it is con-
sidered that regulating autophagy process may be in
favor of attenuating Aldo-induced PTC injury.

Growing evidence demonstrates that the activation
of renin-angiotensin-aldosterone system (RAAS) is the
typical feature of CKD [19,20]. Interruption of the RAAS,
via angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers (ARBs), remarkably
reduces the morbidity and mortality in patients with
CKD [21,22]. However, the phenomenon of Aldo break-
through signifies incomplete blockade of RAAS activa-
tion [23]. Moreover, a great deal of evidence suggests
that Aldo concentration is an independent risk factor
for CKD. Hence, Aldo has become a hot spot for CKD in
recent years [24].

In line with a previous study [18], our research dem-
onstrated that Aldo significantly up-regulated the pro-
duction of ROS in podocytes [11]. Brem et al. pointed
that Aldo-induced ROS production may be the main
source for uncontrolled OS [25]. Growing evidence has
proved that Aldo-induced cell injury is extensively
involved in renal disease [14]. As a result, we should
attach great importance to the OS induced by Aldo
in PTC.

Previous studies have suggested that renal cortical
ROS levels are related to Aldo/salt-induced kidney
injury [26]. Infusion of Aldo contributed to senescence,
apoptosis, and tubulointerstitial fibrosis both in vivo
and in vitro [27]. Furthermore, cells would move toward
senescence, dedifferentiate into other phenotypes, and
ultimately undergo apoptosis when excessive stress
cannot be managed by the endogenous repair system
[2,28–30]. Thus, improving senescence at the early
stage of Aldo-induced PTC injury is a potential inter-
vene target. As far as we know, OS, which is featured
by the increased generation of ROS and DNA oxidative
damage, participates in the Aldo-induced renal injury
[31,32]. Nevertheless, the source of ROS is still under
investigation in Aldo-induced PTC injury model. Our
results showed that increased NOX4 rather than NOX2
is responsible for the increase of ROS in Aldo-induced
PTC senescence.

Autophagy has been proved to play beneficial
effects against senescence [14]. Impaired autophagy
can result in overt OS while increased autophagy can
improve the damage of overt OS [33–35]. However,
increased OS was not the reason for impaired autopha-
gic flux. On the contrary, Aldo increased autophagic
flux. Our research answered the question that whether
autophagy can regulate the Aldo-induced senescence
through regulating OS. The process of autophagy con-
tains the formation of autophagosome and fuses with
the lysosome [12]. LC3-II/LC3-I and p62 were used to
determine the condition of autophagy flow. As
expected, enhanced autophagy significantly inhibited
Aldo-induced OS and senescence. Meanwhile, inhibiting
autophagy worsened these changes. Autophagy is an
evolutionarily conserved catabolic process, which can
remove damaged cellular components and maintain
energy homeostasis [36], including the damaged mito-
chondrial (another source of ROS). It is not strange that
regulating autophagy process can anti-OS but has no
effect on the level of NOX2 in Aldo-induced PTC injury.

In this study, we found that autophagy was deeply
involved in the pathomechanism of Aldo-induced PTC
injury. Furthermore, regulating OS through autophagy
may become a good target for therapeutic strategies
of CKD.
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