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SUMMARY
1. Aldosterone has been shown to mediate p21-dependent cellular senescence in rat kidney

proximal tubules in vivo and in cultured human proximal tubular cells. p21-induced
senescent cells expressed higher levels of apoptotic cytokines, such as tumour necrosis
factor-α (TNF-α), compared to non-senescent cells. The aim of this study was to
investigate the hypothesis that aldosterone increases proximal tubular apoptosis by
increasing the secretion of apoptosis-inducing factors through a p21-dependent
mechanism.

2. Human proximal tubular cells were incubated with aldosterone (10 nmol/L) and cell
senescence was detected by senescence-associated β-galactosidase staining and
expression of p21. Apoptosis was analysed by terminal nick-end labelling and annexin/
propidium iodide staining. p21 localisation was observed by immunofluorescence.

3. Aldosterone for 3 or 5 days increased senescence-associated β-galactosidase staining,
expression of p21 and TNF-α mRNAs, and secretion of TNF-α into the culture medium.
These changes were abolished by gene silencing of p21. Aldosterone failed to increase
apoptotic cells at day 3, but did increase them at day 5. Neutralising antibody against
TNF-α prevented the aldosterone-induced apoptotic changes. Aldosterone did not affect
the localisation of p21.

4. These findings indicate that aldosterone increases TNF-α synthesis and secretion in
proximal tubular cells via p21/senescence-dependent cell phenotypic changes, and that
secreted TNF-α plays an important role as a paracrine factor in mediating cell apoptosis,
indicating a possible involvement in aldosterone-induced renal damage.
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INTRODUCTION
Cells in the human body are known to undergo several fates in response to exogenous and
endogenous stresses. Although the triggers determining cell fate are still under investigation,
senescence, represented by termination of mitosis, is a recognised cellular response to
stresses such as tumourigenesis,1, 2 irradiation,3, 4 and aging.5, 6 Considerable recent
evidence has demonstrated the physiological importance of the accumulation of senescent
cells on organ function. Cyclin-dependent kinase (CDK) inhibitors (CDKI), such as p16 and
p21, induce cell senescence by binding to CDK in the nucleus,7 Baker et al.8 revealed that
targeting apoptosis induction in p16-positive cells attenuated age-associated pathological
changes in adipose tissue, skeletal muscle, and the eye, indicating that the accumulation of
CDKI-positive senescent cells in organs accelerates the aging phenotype. In addition, the
transfusion of plasma from aged mice (supposed to have more senescent cells than young
mice) into young mice impaired their cognitive function and neurogenesis,9 indicating that
soluble factors in the circulation were also responsible for inducing an aging phenotype.
Changes in secreted molecules from senescent cells (senescence-associate secreting
phenotype, SASP) are considered to be a possible mechanism whereby cell senescence can
affect the function of other organs through the release of paracrine and/or hormonal
factors.10

Renal proximal tubular cells (PTCs) play several important physiological roles, such as
controlling electrolyte balance,11, 12 glucose reabsorption,13, 14 uric acid transport,15, 16 and
filtered protein reuptake.17, 18 Damage to PTCs, either acutely or chronically, can thus affect
renal function. We recently demonstrated that aldosterone increased cellular senescence in
vivo and in vitro, especially in PTCs, through an MR/oxidative stress/Sirt-1/p53/p21-
dependent pathway.19 The senescent cells expressed higher levels of tumour necrosis factor-
α (TNF-α) mRNA than non-senescent cells; this expression was shown to be totally
dependent on p21 by its abolition by small interfering RNA for p21. These results suggest
that aldosterone-induced p21 up-regulation may induce not only cell senescence, but also
SASP as a secondary response. However, this has not yet been investigated in detail. We
therefore examined the effect of the aldosterone-induced increase in p21 on SASP and
apoptosis, and the involvement of newly-synthesised cytokines such as TNF-α, in human
PTCs (HPTCs).

MATERIALS AND METHODS
Cell culture and experimental protocol

We used HPTCs immortalised by temperature-sensitive SV40 large T antigen-containing
adenovirus. We previously demonstrated that HPTCs maintained proximal tubular
characteristics, including higher sodium-glucose transporter 2 expression and alkaline
phosphatase activity compared to other nephron cells, such as mesangial cells. They also
approached the Hayflick limit (a limitation of cell mitosis that is not observed in
immortalised cells at 37°C), indicating that they were not immortalised at this temperature.19

HPTCs were maintained in growth medium comprising Click’s medium:RPMI-1640 (1:1;
Quality Biological, Gaithersburg, MD, USA) containing 1% insulin-transferrin-selenium, 40
ng/mL dexamethasone, 10 ng/mL epidermal growth factor, 2% foetal bovine serum (FBS)
and 2% penicillin in a humidified atmosphere of 5% CO2 at 33°C. After reaching 30%
confluence in growth medium, the cells were transferred to 0.2% FBS Click’s
medium:RPMI-1640 containing 1% insulin-transferrin-selenium and 40 ng/mL
dexamethasone for 24 h at 37°C, then incubated with vehicle or aldosterone (10 scrambled
siRNA. In another group of experiments, 10 μg/mL TNF-α neutralising antibody (Thermo
Scientific, Waltham, MA, USA) was added to cells treated with aldosterone, with normal
rabbit IgG (MBL, Nagoya, Japan) used as a control. Cells were analysed 3 or 5 days after
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incubation with aldosterone. The experimental duration and aldosterone dose were
determined based on our previous results.19

RNA interference
siRNA targeting p21 (Invitrogen, San Diego, CA, USA) or its scrambled control were
transfected using Lipofectamine 2000 (Invitrogen). Subconfluent (40–50%) HPTCs in
growth medium without antibiotics were transfected in Click’s medium:RPMI-1640-free
containing 5 μL Lipofectamine 2000 with 100 pmol siRNA per well (6-well plate) for 24 h,
and the medium was then replaced with growth medium.

Senescence-associated β-galactosidase (SAβ-Gal) staining
SAβ-Gal activity was detected using a senescence detection kit (BioVision, Mountain View,
CA, USA) according to the manufacturer’s protocol. Briefly, cells were fixed for 15 min at
room temperature in fixative solution, washed twice with phosphate-buffered saline (PBS),
and incubated for 12 h at 37°C in freshly prepared X-Gal staining solution mix. Thereafter,
the staining solution was removed and the samples were overlaid with 70% glycerol and the
development of blue colour was assessed at ×100 magnification.

Real-time reverse transcription-polymerase chain reaction (RT-PCR)
mRNA was extracted from cells using the phenol-chloroform extraction method. The levels
of β-actin, p21 and TNF-α mRNAs in HPTCs were analysed by RT-PCR using an ABI
Prism 7000 with Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA). The primers have been described previously.19 All data are shown as relative
differences between vehicle- and aldosterone-treated cells after normalisation to β-actin
expression.

Western blotting
Expression of p21 protein was measured by western blotting. Protein (50 μg) was separated
by 15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis, transferred to a
nitrocellulose membrane, and immunoblotted with antibodies specific for p21 (1:1000;
Millipore, Temecula, CA, USA). Equal loading was confirmed by reprobing the membranes
with an antibody against β-actin (1:10,000 dilution; Sigma, St Louis, MO, USA). IRDye®-
labelled anti-mouse IgG antibody (1:15,000, Li-Cor, Lincoln, NE, USA) was used for the
detection of p21 and β-actin. Detection was performed using an Odyssey System (Li-Cor).
Data were normalised to β-actin protein expression levels.

TNF-α secretion
TNF-α secretion was evaluated by measuring TNF-α levels in the medium of aldosterone-
treated cells using an enzyme-linked immunosorbent assay kit (Quantikine®, R&D systems,
Minneapolis, MN, USA) according to the manufacturer’s protocol.

Detection of apoptosis
Apoptosis was detected by terminal deoxynucleotidyl transferase dUTP nick-end labelling
(TUNEL) and annexin V/propidium iodide (PI) staining using commercial kits (Apop-Tag
Red in situ Apoptosis Detection Kit; Chemicon International, Temecula, CA, USA, and
Annexin V-FITC Apoptosis Detection Kit; BioVision, respectively). The numbers of
apoptotic cells positive for TUNEL or annexin V/PI double staining were counted in at least
five randomly selected regions. Hoechst 33342 (Invitrogen) was used to identify nuclei in
TUNEL staining.
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Immunofluorescence staining for p21 localisation
HPTCs were treated with vehicle or aldosterone for 3 days, washed with PBS, then fixed
with 4% formaldehyde for 10 min. After washing with PBS, the cells were blocked with
10% normal goat serum (Nitirei Bioscience, Tokyo, Japan) for 15 min, and incubated at
37°C for 1 h with mouse anti-human p21 (F-5) antibody (1:100, Santa Cruz min at 37°C
with Alexa Fluor 594 goat anti-mouse antibody (1:1000, Molecular Probes, CA, USA).
After washing, the nuclei were counterstained with Hoechst 33342 (Invitrogen). The cells
were washed, mounted, and examined under a fluorescence microscope.

Statistical analysis
All values are expressed as mean ± S.E.M. Relevant data were processed using InStat
(Graph-PAD Software for Science, San Diego, CA). Statistical analysis was performed
using one-way analysis of variance followed by Dunnett’s multiple comparison tests.
Differences were considered significant at two-sided P < 0.05.

RESULTS
SAβ-Gal staining and p21 expression in aldosterone-treated HPTCs

Aldosterone treatment for 3 days clearly increased SAβ-Gal staining and p21 mRNA and
protein expression levels. These changes were markedly suppressed by knockdown of p21
with siRNA (Fig. 1A–C, G, H). Aldosterone treatment for 5 days also increased the number
of SAβ-Gal-positive cells compared to vehicle treatment, with no clear difference in the
numbers of SAβ-Gal-positive cells between 3-day and 5-day aldosterone treatments (Fig.
1A–F). Aldosterone treatment for 5 days induced increases in p21 mRNA and protein other
hand, cells treated with vehicle for 5 days showed higher p21 protein levels than cells
treated with vehicle for 3 days, with no apparent change in SAβ-Gal staining (Fig. 1D, H),
possibly as a result of contact inhibition induced by spontaneous cell proliferation.20

Apoptosis in aldosterone-treated HPTCs
Apoptosis was analysed by TUNEL staining and annexin V/PI-double staining, which are
the established methods for the detection of apoptosis. In contrast to SAβ-Gal staining,
aldosterone treatment for 3 days resulted in no significant changes in either annexin V/PI or
TUNEL staining (Fig. 2A, B, F, G, K, L). Meanwhile, 5-day aldosterone treatment markedly
increased numbers of both annexin V/PI- and TUNEL-positive cells (Fig. 2C, D, H, I, K, L).
This increase in apoptotic cells at 5 days after aldosterone treatment was significantly
suppressed in p21-knockdown HPTCs (Fig. 2E, J, K, L).

TNF-α expression and secretion in aldosterone-treated HPTCs
Cell senescence occurred earlier than apoptosis and p21 contributed to aldosterone-induced
cell apoptosis. We therefore examined the possible target of SASP. We focused on the
involvement of TNF-α in aldosterone-induced apoptosis, because we previously reported
that aldosterone increased TNF-α mRNA expression via a p21-dependent pathway,19 and
because TNF-α is a well known paracrine factor.21 Aldosterone significantly increased
TNF-α mRNA in cells at day-3, and aldosterone treatment for 5 days tended to increase
TNF-α mRNA. Aldosterone treatment increased TNF-α levels in the culture medium, and
levels were significantly higher at day 5 than at day 3. These changes in mRNA and secreted
protein levels were suppressed by p21 siRNA (Fig. 3A, B).

Effects of TNF-α neutralising antibody on aldosterone-induced apoptosis
We examined the involvement of TNF-α in the culture medium on aldosterone-induced
apoptosis using TNF-α neutralising antibody, to clarify the contribution of p21/senescent
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cell-induced TNF-α secretion to aldosterone-induced apoptosis. Co-administration of TNF-
α neutralising antibody obviously blocked aldosterone-induced increases in annexin-V/PI-
and TUNEL-positive cell numbers at day 5 (Fig. 4A–H).

Localisation of p21 in HPTCs
Numbers of p21-immunostained HPTCs were increased by aldosterone-treatment (Fig. 5A,
B). p21 immunostaining was mainly localised in the nuclei, though a few vehicle-treated and
aldosterone-treated cells showed detectable cytosolic p21 immunostaining (Fig. 5C). Cells
expressing cytosolic p21 showed saturated levels of nuclear expression and were located in
areas of higher HPTC density.

DISCUSSION
Aldosterone is an important hormone in regulating electrolyte balance. The role of
aldosterone in tissues has become an important issue since clinical studies (RALES and
EPHESUS) demonstrated beneficial effects of aldosterone blockers on outcomes of heart
failure patient compared with placebo controls.22, 23 Chronic aldosterone infusion induced
glomerulosclerosis and tubulointerstitial fibrosis in rats,24, 25 but the precise mechanisms
involved in aldosterone-induced tissue injury are still under investigation. The current study
demonstrated that aldosterone enhanced TNF-α expression and secretion in HPTCs, and
increased SAβ-Gal-positive HPTCs. Importantly, the increase in TNF-α was abolished by
knockdown of p21, an important molecule involved in cellular senescence, indicating that
the aldosterone-induced increase in TNF-α might be mediated through p21-dependent
cellular senescence. Experiments using TNF-α neutralising antibody revealed that TNF-α
secretion was involved in apoptosis through autocrine/paracrine action of TNF-α. Overall,
the results of the present study thus demonstrate that aldosterone elicits cell senescence and
SASP in PTCs via a p21-dependent pathway. SASP in PTCs may accelerate apoptotic
changes in surrounding cells and induce nephron damage. This hypothesis may be supported
by an earlier study showing that mice lacking the p21 gene developed less interstitial
fibrosis, with increased cell proliferation, in a renal ablation model, compared to normal
mice.26

Cells exposed to stress are maintained in cell cycle arrest to allow repair of DNA damage.27

Cells exposed to excessive stress that cannot be managed by the endogenous repair system
are driven into senescence, dedifferentiate into other phenotypes, and ultimately undergo
apoptosis.27, 28 Patni et al.29 revealed that aldosterone (at 100 times greater concentration
than the current study) induced tubular cell apoptosis by activating the mitochondrial
pathway and generating reactive oxygen species in human proximal tubular HK2 cells. Our
findings that the aldosterone-induced increase in p21 changes cell phenotype and elicits
TNF-α-induced apoptosis via an autocrine/paracrine pathway support this earlier study.

The present results may also indicate that senescent PTCs may induce apoptosis/
inflammation by secreting cytokines, such as TNF-α, and may try to remove themselves
from tubules to protect or maintain proximal tubule function as a self-defence system.
However, secreted molecules such as TNF-α could stimulate other neighbouring cells
through paracrine action and induce apoptosis and inflammation, resulting in the decline of
tubular (nephron) function. It would be interesting to isolate nephrons containing senescent
cells and measure tubular function, such as electrolyte-transport ability; however, to the best
of our knowledge, there is currently no reliable means of identifying such nephrons in vivo.
Recent advances in technology, such as drug-induced removal of CDKI-positive cells
developed by Baker et al.8, may be suitable for examining this issue.
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Recent reports have indicated that soluble factors in the plasma of aged animals (i.e.
CCL11) impaired neurogenesis and cognitive function in young animals, indicating the
involvement of systemic circulating factors in aging-associated changes in the body.9

However, how these soluble molecules are secreted into the systemic circulation, and
whether molecules secreted by senescent PTCs could spill over into the circulation, remain
unclear. This situation may not apply in aldosterone-induced SASP of PTCs, because
patients with primary aldosteronism have low or similar plasma TNF-α levels to patients
with essential hypertension.30, 31

Clinical studies have shown poor graft survival of transplanted kidneys from elder
donors,32–34 and the increase in p21 expression in the kidney of allograft nephropathy
patients.35 Such evidence may reflect the hypothesis that the p21-up-regulated/senescent
kidney is more susceptible to various diseases, particularly diseases affecting tubular
function, such as acute kidney injury and proteinuria during the development of chronic
kidney disease because of reduced tubular repair activity by senescence/SASP/apoptosis.
Thus, considering our present findings, patients with excessive aldosterone/MR levels in
their kidney may show unfavorable outcomes, although this has not yet been evaluated in
clinical studies.

Some studies have reported the involvement of cytosolic p21 in apoptosis.36–38 p21 in the
cytoplasm forms a complex with pro-apoptotic factors, such as apoptosis signal-regulating
kinase 136 and proliferating cell nuclear antigen bound to procaspases,37 and attenuates the
activity of these molecules. We therefore expected that aldosterone might accelerate p21
translocation from the cytosol to the nucleus, and that the released pro-apoptotic factors
might induce apoptosis. However, the present study detected much less immunoreactivity
for p21 in the cytosol compared to the nuclei in both vehicle- and aldosterone-treated
HPTCs. This suggests that an involvement of p21 localisation in aldosterone-induced SASP
is unlikely.

In conclusion, aldosterone-induced increases in p21 and cell senescence were accompanied
by increased expression and secretion of TNF-α in HPTCs. This p21-depedent SASP plays
an important role in aldosterone-induced apoptosis in HPTCs. An important issue that has
not been addressed in our study is whether patients with hyperaldosteronism exhibit
senescent changes in the kidney and whether those changes can be treated or prevented by
pharmacotherapy with MR blockers.
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Fig. 1.
Effects of aldosterone and p21 siRNA on senescence-associated β-galactosidase staining (A-
G), and levels of p21 mRNA (H) and protein (I) in human proximal tubular cells at 3 and 5
days after aldosterone treatment. Data are expressed as means ± S.E.M.; n = 6 per group. *P
< 0.05, **P < 0.01, compared to the same-day aldosterone-treatment group.
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Fig. 2.
Effects of aldosterone and p21 siRNA on apoptosis evaluated by annexin-V (green)/
propidium iodide (PI; red) (A–F) and terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL; red) staining (G–L) in human proximal tubular cells at 3 and 5 days after
aldosterone treatment (arrows indicate the fluorophore-positive cells). Hoechst 33342 (blue)
was used to identify nuclei in each staining (left pictures). Data are expressed as means ±
S.E.M.; n = 3 or 4 per group. **P < 0.01, compared to the same-day aldosterone-treatment
group.
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Fig. 3.
Effects of aldosterone and p21 siRNA on tumour necrosis factor (TNF)-α mRNA levels in
human proximal tubular cells (A) and protein levels in the culture medium (B) at 3 and 5
days after aldosterone treatment. Data are expressed as means ± S.E.M.; n = 5 or 6 per
group. *P < 0.05, **P < 0.01, compared to the same-day aldosterone-treatment group.
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Fig. 4.
Effects of tumour necrosis factor (TNF)-α neutralising antibody on 5-day aldosterone-
induced apoptosis evaluated by annexin-V (green)/propidium iodide (PI; red) (A–D) and
terminal deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL; red) staining (E–
H) in human proximal tubular cells at 3 and 5 days after aldosterone treatment (arrows
indicate the fluorophore-positive cells). Hoechst 33342 (blue) was used to identify nuclei in
each staining (left pictures). Data are expressed as means ± S.E.M.; n = 3 or 4 per group. *P
< 0.05, **P < 0.01, compared to the same-day aldosterone-treatment group.
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Fig. 5.
Localisation of p21 in vehicle- (A) and aldosterone (B)-treated human proximal tubular
cells. Aldosterone treatment increased p21 expression in nuclei. Cytosolic staining of p21
was rarely found (C). Red; p21, blue; Hoechst 33342.
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