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Abstract

Aims: An increased kidney cancer risk was found in hypertensive patients, who frequently exhibit hyper-
aldosteronism, known to contribute to kidney injury, with oxidative stress playing an important role. The capacity
of kidney cells to up-regulate transcription factor nuclear factor-erythroid-2-related factor 2 (Nrf2), a key regulator
of the cellular antioxidative defense, as a prevention of aldosterone-induced oxidative damage was investigated
both in vitro and in vivo. Results: Aldosterone activated Nrf2 and increased the expression of enzymes involved in
glutathione (GSH) synthesis and detoxification. This activation depended on the mineralocorticoid receptor (MR)
and oxidative stress. In vitro, Nrf2 activation, GSH amounts, and target gene levels decreased after 24 h, while
oxidant levels remained high. Nrf2 activation could not protect cells against oxidative DNA damage, as aldoste-
rone-induced double-strand breaks and 7,8-dihydro-8-oxo-guanine (8-oxodG) lesions steadily rose. The Nrf2 ac-
tivator sulforaphane enhanced the Nrf2 response both in vitro and in vivo, thereby preventing aldosterone-induced
DNA damage. In vivo, Nrf2 activation further had beneficial effects on the aldosterone-caused blood pressure
increase and loss of kidney function. Innovation: This is the first study showing the activation of Nrf2 by
aldosterone. Moreover, the results identify sulforaphane as a substance that is capable of preventing aldosterone-
induced damage both in vivo and in vitro. Conclusion: Aldosterone-induced Nrf2 adaptive response cannot
neutralize oxidative actions of chronically increased aldosterone, which, therefore could be causally involved in the
increased cancer incidence of hypertensive individuals. Enhancing the cellular antioxidative defense with sulfor-
aphane might exhibit beneficial effects. Antioxid. Redox Signal. 21, 2126–2142.

Introduction

Oxidative and nitrative stress act as predisposing
factors to multistage carcinogenesis. Oxidative stress

can either directly modify DNA and cause genetic alterations
or influence epigenetic mechanisms, that is, by modulating
cellular signal transduction pathways (17). In response to
oxidative and nitrative stress, cells trigger signaling cascades,
such as transcription factor nuclear factor-erythroid-2-related
factor 2 (Nrf2), that up-regulate key defensive responses.

Nrf2 is essential for the coordinated induction of genes
encoding many stress-responsive or cytoprotective enzymes
and related proteins. Besides its role in regulating carcinogen
detoxification and cellular antioxidant defense, Nrf2 also has
anti-inflammatory functions (56). On oxidative/nitrative
stress, Nrf2 is released from its repressor Kelch-like ECH-
associated protein 1 (Keap1), translocates into the nucleus,

Innovation

This is the first study reporting that aldosterone, besides
exhibiting adverse effects on the kidney and cardiovas-
cular system when pathologically increased, is capable of
activating a major cellular defense mechanism, tran-
scription factor nuclear factor-erythroid-2-related factor 2
(Nrf2) and its activation pathway. This activation, nev-
ertheless, is not sufficient to protect cells or animals from
aldosterone-induced oxidative stress and DNA damage.
However, further novel findings show that induction of the
Nrf2 response with the isothiocyanate sulforaphane nor-
malizes aldosterone-mediated hypertension, improves
kidney function in rats, and, importantly, prevents oxi-
dative DNA damage both in vitro and in vivo, which could
probably reduce end-organ damage in hypertension.
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forms heterodimers with small Maf proteins, and binds to
antioxidant response element (ARE) sequences or electro-
phile response element sequences present in the promotor/
enhancer regions of genes encoding for antioxidant and de-
toxifying enzymes such as thioredoxin (Txn1), superoxide
dismutase (Sod1), glutathione peroxidase (Gpx), or heme
oxygenase-1 (Hmox1) (28, 55, 56). The Nrf2-mediated anti-
oxidant response is one of the major cellular defense mecha-
nisms that preserve cell function under toxic insults (32).

The mineralocorticoid aldosterone plays a major role in the
maintenance of the electrolyte and fluid balance and subse-
quent blood pressure homeostasis. This is mediated by ge-
nomic actions via the mineralocorticoid receptor (MR).
However, aldosterone also exerts rapid, nongenomic effects,
among them being the production of ROS via NADPH oxi-
dase (52). We recently found aldosterone to be genotoxic and
to produce oxidative stress at very low concentrations in renal
tubule cells (43, 49) and in rat kidneys (41). Aldosterone
levels are increased in a subgroup of hypertensive patients
with prevalence of 8%–13% (13, 47) and in patients with
resistant hypertension, with a prevalence of 20% (5). The
plasma concentration of aldosterone in these patients ranges
from 0.5 to 6.3 nM, with patients suffering from congestive
heart failure reaching 8 nM (47, 58), which is approximately
20 times higher than in healthy individuals (58). Epidemio-
logical studies investigating a possible connection between
hypertension and cancer found higher cancer mortality rates
in hypertensive patients, and, in particular, an increased risk

to develop renal cancer (12, 20). We postulate that the geno-
toxicity of increasing concentrations of aldosterone contrib-
utes to the hypertension-associated increased cancer risk.

This article investigated both in vivo and in vitro the ca-
pacity of renal cells to up-regulate Nrf2-mediated protective
responses when exposed to high aldosterone levels. Fur-
thermore, sulforaphane, a natural Nrf2 inducer, was tested to
additionally enhance the Nrf2 response and to protect against
aldosterone-induced DNA damage both in vitro and in vivo.

Results

Aldosterone activates Nrf2 in vivo and in vitro

In vivo study. Aldosterone activates Nrf2 and leads to the
expression of Nrf2-regulated genes that are dependent on the
MR and oxidative stress in vivo.

The in vivo activation of Nrf2 in rat kidneys as a conse-
quence of hyperaldosteronism was investigated in rats treated
with aldosterone, aldosterone/spironolactone, and aldoste-
rone/tempol. Immunohistological staining showed that kid-
neys from aldosterone-treated rats had significantly higher
levels of Nrf2-positive nuclei in the cortex and medulla (Fig.
1A, B and Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/ars), indicating
the activation of transcription factor Nrf2 as a consequence
of hyperaldosteronism. Representative pictures of the kid-
ney are found in Supplementary Figure S1. Simultaneous
treatment with aldosterone and the MR receptor blocker

FIG. 1. Aldosterone in-
duces Nrf2 activation and
expression of Nrf2-regulated
genes in vivo dependent on
the MR and oxidative stress.
Evaluation of immunohisto-
chemical staining on paraffin-
embedded kidney cortex and
medulla sections for Nrf2 ac-
tivation. The ratio of positive/
negative nuclei was quantified
by Cell Profiler within eight
visual fields of (A) cortex and
(B) medulla of the kidney.
Expression of HO-1 (32 kDa)
and cGCSc (73 kDa) in the rat
kidney was evaluated by Wes-
tern blot (C, D). Representative
images and the quantification
of the HO-1 and cGCSc bands
are shown. (A–D) Shown are
mean values – SEM, *p £ 0.05
versus the control group,
#p £ 0.05 versus the aldoste-
rone-treated group, tested by
ANOVA with subsequent post-
hoc comparisons by Scheffé.
HO-1, heme oxygenase-1; MR,
mineralocorticoid receptor;
Nrf2, nuclear factor-erythroid-
2-related factor 2; cGCSc, c-
glutamylcysteine synthetase
catalytic subunit.
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spironolactone significantly reduced the occurrence of Nrf2-
positive nuclei in rat kidneys. Treatment with aldosterone and
the antioxidant tempol showed a significant reduction of Nrf2
nuclear abundance compared with the Ald group.

Since Nrf2 modulates the expression of genes involved in
the protection against oxidative stress and detoxification,
the expression of HO-1 and the GCL catalytic subunit cGCSc
was measured by Western blot in rat kidneys. HO-1 was up-
regulated in aldosterone-treated rat kidneys compared to the
control, and lower in rats simultaneously treated with spir-
onolactone and tempol (Fig. 1C). Protein levels of cGCSc were
significantly higher in aldosterone-treated rat kidneys compared
to the control. Neither spironolactone nor tempol had a signif-
icant impact on the up-regulation of both proteins (Fig. 1D).

In vitro experiments

Aldosterone induces the activation of Nrf2 in a pig kidney
cell line. To confirm the results observed in vivo, the acti-
vation of Nrf2 by aldosterone was investigated in the pig
kidney cell line LLC-PK1, which has characteristics of
proximal tubule cells (33). Nrf2-DNA binding was mea-
sured in nuclear fractions by electrophoretic mobility
shift assay (EMSA). The activation of Nrf2 in LLC-PK1
cells was dependent on the aldosterone concentration (5–
100 nM). A slight increase in Nrf2-DNA binding was al-
ready observed at 10 nM aldosterone, although significance
was reached after 0.5 h incubation with 50 and 100 nM of
aldosterone (Fig. 2A). Subsequent EMSA experiments were
conducted with 100 nM aldosterone to ensure a sufficiently

high response; all other experiments were additionally
carried out with 10 nM aldosterone.

The incubation of LLC-PK1 cells with 100 nM aldosterone
caused an increase in nuclear Nrf2-binding, which reached
maxima after 0.5 and 4 h incubation (Fig. 2B). The specificity
of the Nrf2-DNA complex in the EMSA assay was assessed
by competition with a 100-fold molar excess of unlabeled
oligonucleotide (cold) containing the consensus sequence for
either Nrf2 or SP-1. Nrf2 activation was further observed on
measuring the presence of Nrf2 by Western blot. Nrf2 acti-
vation was significantly increased after 1, 2, and 4 h of
treatment with 10 nM aldosterone (Fig. 2C) and after 2 and
4 h of treatment with 100 nM aldosterone (Fig. 2D). After
24 h, Nrf2 levels were reduced again.

Aldosterone-induced activation of Nrf2 leads to an in-
creased expression of Nrf2-regulated genes. The expression
of TRX, SOD, HO-1, and cGCSc was evaluated by measur-
ing protein levels by Western blot. The expression of TRX
was significantly increased after 1 h until 24 h with 10 nM
aldosterone (Fig. 3A) and after 2, 4, and 24 h with 100 nM
aldosterone (Fig. 3B). SOD levels were significantly up-
regulated after 1, 2, and 4 h with 10 and 100 nM aldosterone
(Fig. 3C, D). HO-1 levels were significantly increased after
4 h incubation with 10 nM aldosterone (Fig. 3E) and after 2 h
incubation with 100 nM aldosterone (Fig. 3F). The expres-
sion of cGCSc was significantly increased after 0.5 h incu-
bation with 10 and 100 nM of aldosterone (Fig. 4A, B).
Nevertheless, after 24 h, the expression of both HO-1 and
cGCSc returned to basal levels.

FIG. 2. Aldosterone induces the
activation of Nrf2 in LLC-PK1 cells.
(A) Dose dependency of Nrf2-activa-
tion. Nrf2-DNA binding was measured
by EMSA in nuclear fractions, incu-
bated in the absence (0) and presence
of the indicated aldosterone concen-
trations for 30 min. (B) Kinetics of
aldosterone (100 nM) induced Nrf2-
DNA binding in nuclear fractions as
measured by EMSA. To determine the
specificity of the Nrf2-DNA complex,
the control nuclear fraction (0 h incu-
bation) was incubated in the presence
of 100-fold molar excess of unlabeled
oligonucleotide containing the con-
sensus sequence for either Nrf2 (cold)
or SP-1 (SP-1) before conducting the
binding assay. The nuclear presence of
Nrf2 (95–110 kDa) was evaluated by
Western blot in LLC-PK1 cells that
were incubated with (C) 10 nM aldo-
sterone and (D) 100 nM aldosterone. a-
tubulin was measured as a loading
control. Results are shown as ratio
of Nrf2/a-tubulin. (A, B) Shown are
mean values – SEM, *p £ 0.05 versus
time point 0, tested by ANOVA with
subsequent post-hoc comparisons by
Scheffé. (C, D) Shown is the medi-
an – the standard error of the median,
*p £ 0.05 versus time point 0, evalu-
ated by Mann–Whitney test. EMSA,
electrophoretic mobility shift assay.
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Levels of total glutathione (GSH) were measured by plate
reader. After 4 h incubation with 10 nM aldosterone, no sig-
nificant increase in total GSH could be observed (Fig. 4C),
which was significant using 100 nM aldosterone (Fig. 4D).
After 24 h, aldosterone-treated cells showed a trend to lower
GSH levels compared to control cells.

Aldosterone-induced activation of Nrf2 is mediated by an
increase of reactive oxygen and nitrogen species. To in-
vestigate whether aldosterone-triggered Nrf2 activation
occurred as a consequence of an increase in cell oxidants,
oxidant levels were evaluated using 5-(and-6)-carboxy-
2¢7¢-dichlorodihydro-fluorescein diacetate (H2DCF-DA),
a probe to detect intracellular oxidants (reactive nitrogen
species [RNS] and reactive oxygen species [ROS]) (9).
Aldosterone triggered a significant increase of DCF

fluorescence in LLC-PK1 cells after 15 min incuba-
tion, which remained high for approximately 24 h (Fig.
5A, B).

The ratio of reduced to oxidized glutathione (GSH/GSSG)
was measured as a parameter of oxidative stress. At both
aldosterone concentrations (10 and 100 nM), a reduction of
the GSH/GSSG ratio was observed after 4 and 24 h incuba-
tion compared to controls, underlining a high level of oxi-
dative stress (Fig. 5C, D).

The aldosterone-mediated increase of Nrf2-DNA binding
was partially or totally prevented by the simultaneous incu-
bation of cells with the antioxidants N-acetyl cysteine
(NAC), ( – )-a-lipoic acid (LA), and tempol (Fig. 5E). These
findings strongly suggest that aldosterone induces Nrf2 in
LLC-PK1 cells mainly through an increase in the cellular
production of oxidants.

FIG. 3. Expression of Nrf2-regulated
proteins in LLC-PK1 cells. The expres-
sion of Nrf2-regulated proteins was de-
tected by Western blot in cells incubated
in the absence (0) and the presence of 10
(A, C, E) and 100 nM (B, D, F) aldoste-
rone for the indicated time points. Protein
levels of (A, B) TRX (71 kDa), (C, D)
SOD (16 kDa), and (E, F) HO-1 (32 kDa)
were measured and referred to the a-tu-
bulin (50 kDa) content as a loading con-
trol. (A–F) Shown is the median – the
standard error of the median, *p £ 0.05
versus time point 0, evaluated by Mann–
Whitney test. SOD, superoxide dismutase;
TRX, thioredoxin; HO-1, heme oxygenase-1.
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Aldosterone-induced activation of Nrf2 by oxidants de-
pends on the MR, calcium, protein kinase C, NADPH oxi-
dase, and nitric oxide synthase. LLC-PK1 cells express both
the MR and the glucocorticoid receptor (GR) (49), and aldo-
sterone can bind and activate both receptors (46). To investigate
whether aldosterone-triggered activation of Nrf2 is mediated
exclusively via the MR, antagonists of the MR (eplerenone) and
the GR (mifepristone) were used. The nuclear Nrf2-binding
was significantly reduced after simultaneous incubation with
aldosterone and eplerenone, but not with aldosterone and mif-
epristone. Thus, the activation of Nrf2 in LLC-PK1 cells only
required the interaction with the MR (Fig. 6A).

Since aldosterone is known to promote oxidative stress via
NADPH oxidase, the effects of NADPH oxidase inhibitors on
Nrf2 activation were next investigated. LLC-PK1 cells were
incubated with aldosterone in the presence of the NADPH
oxidase inhibitors diphenyleneiodonium chloride (DPI),
apocynin, or 3-benzyl-7-(2-benzoxazolyl)thio-1,2,3-triazo-
lo[4,5-d]pyrimidine) (VAS2870). The three inhibitors sig-
nificantly reduced aldosterone-induced Nrf2-DNA binding,
with VAS2870 being the most potent inhibitor (Fig. 6B).

The involvement of protein kinase C (PKC) in Nrf2 acti-
vation was evidenced by the inhibitory action of the PKC
inhibitor Ro320432 (Fig. 6B).

To investigate whether aldosterone-induced increased ni-
tric oxide (NO) production contributes to Nrf2 activation, the
effects of the NO synthase (NOS) inhibitors L-nitroarginine
methyl ester (L-NAME) and N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide hydrochloride (W-7) on Nrf2-DNA
binding were assessed by EMSA. Both NOS inhibitors pre-
vented aldosterone-mediated Nrf2-DNA binding in LLC-
PK1 cells (Fig. 6C).

We recently showed that aldosterone causes an increase in
cellular calcium (44), which triggers NADPH oxidase and
NOS activation. Accordingly, aldosterone-mediated increase
in Nrf2-DNA binding was significantly reduced by the cal-
cium chelator bapta-AM (Fig. 6D).

Activation of Nrf2 is not sufficient to protect the cells
against aldosterone-induced oxidative DNA damage. Im-
munofluorescence staining showed that incubation with 10
and 100 nM aldosterone for 4 and 24 h resulted in a signifi-
cantly increased frequency of DNA double-strand breaks
(DSBs), detected as c-H2AX-foci (Fig. 7A, B and Supple-
mentary Fig. S2A). In addition, the most prominent DNA
modification caused by oxidative stress, 7,8-dihydro-8-oxo-
guanine (8-oxodG), was observed to be significantly in-
creased after 4 h incubation with 10 and 100 nM aldosterone,
and steadily increased for approximately 24 h (Fig. 7C, D and
Supplementary Fig. S2C).

The Nrf2 activator sulforaphane protects cells
from aldosterone-induced damage in vitro and in vivo

In vitro experiments

Sulforaphane is able to increase the cellular Nrf2 re-
sponse and protects cells from aldosterone-induced DNA
damage. The natural Nrf2 activator sulforaphane was added
to aldosterone-treated cells to investigate whether an en-
hancement of the Nrf2 signal can protect cells against aldo-
sterone-induced DNA damage. Immunofluorescence staining
reveals that after 4 h of treatment with 10 and 100 nM aldo-
sterone, Nrf2 abundance was significantly increased by al-
dosterone, but was even more increased by sulforaphane

FIG. 4. Effect of aldosterone on GSH
synthesis in LLC-PK1 cells. The expres-
sion of the Nrf2-regulated protein cGCSc
(73 kDa) was detected by Western blot in
cells incubated in the absence (0) and the
presence of 10 (A) and 100 nM (B) aldo-
sterone for the indicated time points. Pro-
tein levels were measured and referred to
the a-tubulin (50 kDa) content as loading
control. GSH-related fluorescence was
measured fluorimetrically at 460 nm (kexc
355 nm) after 4 and 24 h of incubation
without (C) or with 10 (C) or 100 nM
(D) aldosterone. Results are expressed as
fluorescence emission and referred to the
protein content. (A–D) Shown is the me-
dian – the standard error of the median,
*p £ 0.05 versus time point 0 or the control
group (C), evaluated by Mann–Whitney
test.
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alone or by simultaneous treatment with sulforaphane (Fig.
8A, B and Supplementary Fig. S3). Additional treatment with
sulforaphane also significantly enhanced the Nrf2 response
after 24 h (Fig. 8C). Nevertheless, after 24 h, Nrf2 abundance
was altogether lower than after 4 h (Fig. 8D).

Sulforaphane was able to significantly decrease aldoste-
rone-induced DSB detected as c-H2AX-foci after 4 h (Fig.
9A, B and Supplementary Fig. S4) and 24 h (Fig. 9C). Al-
dosterone-induced DNA damage was further significantly
decreased in the comet assay after 4 h (Fig. 9E) and 24 h (Fig.
9F) treatment with sulforaphane. Representative pictures of
the comet assay are shown in Figure 9D and Supplementary
Figure S4.

In vivo study

Clinical characteristics and renal function. The potential
protective action of the Nrf2 activator sulforaphane was
tested in rats treated with aldosterone, sulforaphane/aldoste-
rone, and sulforaphane. No significant changes could be de-
tected in the body weight between the groups (Table 1). The
ratio of kidney to body weight was used as an index of renal
hypertrophy. The kidney to body weight ratio for both kid-

neys was significantly increased in the aldosterone group
compared to control rats and sulforaphane-treated rats,
indicating renal hypertrophy. A significant increase of the
urine volume could be detected in the aldosterone group,
which was significantly decreased in the sulforaphane/aldo-
sterone group (Table 1). With regard to the creatinine
clearance, a slight impairment in the aldosterone-treated
group could be observed, whereas a significant increase was
revealed in the sulforaphane/aldosterone group compared
to the aldosterone-treated group (Table 1). Histopatholo-
gical parameters of kidney damage (glomerular sclerosis
index [GSI] and mesangiolysis index [MSI]) show a clear
increase in glomerular and tubular damage in the aldoste-
rone-treated group compared to the control group. Sul-
foraphane/aldosterone treatment led to a significant decrease
in glomerular damage and to a slight decrease in tubular
damage (Table 1). Treatment of male Sprague–Dawley rats
with aldosterone led to a significant increase of blood pres-
sure compared to control animals. Blood pressure of sul-
foraphane/aldosterone-treated rats was slightly over the
control level, but significantly lower than in the aldosterone-
treated group (Table 1). Urinary aldosterone was signifi-
cantly increased in the aldosterone group compared to

FIG. 5. Aldosterone-induced acti-
vation of Nrf2 in LLC-PK1 cells is
mediated by an increase of reactive
oxygen and nitrogen species. (A) Ki-
netics of oxidant production caused by
aldosterone in LLC-PK1 cells. ROS
production was measured using the
probe H2DCF-DA. LLC-PK1 cells
were treated for the indicated time pe-
riods with 10 or 100 nM aldosterone.
Oxidation of H2DCF-DA was detected
by monitoring the increase in fluores-
cence (kexc: 485 nm; kem: 535 nm).
(B) LLC-PK1 cells were incubated in
the absence (C) and presence of 10
and 100 nM aldosterone for 4 and 24 h.
The GSH/GSSG ratio was measured at
405 nm. Results are expressed as GSH/
GSSG ratio. (C) LLC-PK1 cells were
incubated in the absence (C) and the
presence of 100 nM aldosterone (Ald)
for 30 min. Aldosterone-treated cells
were simultaneously incubated with
0.5 mM LA (LA), 0.5 mM NAC
(NAC), or 50 lM tempol (Tem). Nu-
clear fractions were isolated and ana-
lyzed by EMSA. The intensity of the
bands corresponding to the Nrf2-DNA
complexes was measured. (A, B, E)
Shown are mean values – SEM, *p £ 0.05
versus time point 0, #p £ 0.05 versus the
aldosterone-treated group, tested by
ANOVA with subsequent post-hoc
comparisons by Scheffé. (C, D) Shown
is the median – the standard error of the
median, *p £ 0.05 versus the control
group, evaluated by Mann–Whitney
test. H2DCF-DA, 5-(and-6)-carboxy-
2¢7¢-dichlorodihydro-fluorescein dia-
cetate; LA, ( – )-a-lipoic acid; NAC,
N-acetyl cysteine; Tem, tempol.

ALDOSTERONE ACTIVATES NRF2 IN VIVO AND IN VITRO 2131



control rats and significantly reduced in the sulforaphane/
aldosterone group compared to aldosterone-treated rats.
Plasma aldosterone levels were not statistically different
between all groups (Table 1). Further, all parameters in sul-
foraphane-treated rats were not different from control rats.

Sulforaphane is able to increase the Nrf2 response and
protects rat kidneys from aldosterone-induced DNA dam-
age. The in vivo activation of Nrf2 in rat kidneys was further
investigated. As in the first animal experiment, aldosterone-
treated rats showed significantly higher levels of Nrf2 in the
cortex (Fig. 10A) and in the medulla (Fig. 10B) than control
rats. Nrf2 levels were even higher in sulforaphane-treated
rat kidneys. The highest Nrf2 abundance in the nuclei could
be observed in the sulforaphane/aldosterone group. Re-
presentative pictures are shown in Supplementary Figure S5A.

Immunohistochemical staining against the DSB marker c-
H2AX showed a significant increase in DSBs in the cortex
(Fig. 10C) and medulla (Fig. 10D) of aldosterone-treated rat
kidneys compared to control and sulforaphane-treated rat
kidneys. DSBs were significantly reduced in sulforaphane/
aldosterone-treated rat kidneys. Representative pictures are
shown in Supplementary Figure S5B. Further, in the comet
assay, DNA damage was significantly reduced in sulfor-
aphane/aldosterone-treated rats compared to aldosterone-
treated rats (Fig. 10E).

Discussion

Nrf2 plays a leading role in the protection against oxidant-
and xenobiotic-induced cellular injury. Nrf2 regulates basal
activity and the coordinated induction of genes encoding for

FIG. 6. Aldosterone-induced activation of Nrf2 by oxidants in LLC-PK1 cells depends on the MR, protein kinase C,
NADPH oxidase, nitric oxide synthase, and intracellular calcium. (A) The involvement of the MR was evaluated by
measuring Nrf2-DNA binding (EMSA) in nuclear fractions from aldosterone-treated cells that were simultaneously incu-
bated without or with either 500 nM eplerenone (Ep) or 500 nM mifepristone (Mi). LLC-PK1 cells were incubated in the
absence (C) and the presence of 100 nM aldosterone (Ald) for 4 h. Aldosterone-treated cells were simultaneously incubated
with (B) 1 lM DPI (DPI), 50 lM apocynin (Apo), 1 lM VAS2870 (VAS) and 1 lM Ro320432 (Ro), (C) 50 lM L-NAME
(LN), 10 lM W-7 (W7), or (D) 10 lM bapta-AM (Bapta). (A–D) Shown are mean values – SEM, *p £ 0.05 versus the
control group, #p £ 0.05 versus the aldosterone-treated group, tested by ANOVA with subsequent post-hoc comparisons by
Scheffé. DPI, diphenyleneiodonium chloride; W-7, N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride;
VAS2870, 3-benzyl-7-(2-benzoxazolyl)thio-1,2,3-triazolo[4,5-d]pyrimidine).
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proteins involved in the protection against oxidative stress,
and phase II detoxifying enzymes. We recently showed in
renal cells, as well as in two animal models of mineralocor-
ticoid-induced hypertension, that high levels of aldosterone
cause both increased ROS and RNS production, and DNA
damage (41–43, 48, 49). This article investigated the poten-
tial activation of Nrf2 as a protective response against hy-
peraldosteronism both in vitro and in vivo. This is, to the best
of our knowledge, the first report showing the activation of
Nrf2 by aldosterone. Nrf2 activation by increased aldoste-
rone levels in kidney tubule cells as well as in rat kidneys is
dependent on the MR and occurs as a consequence of aldo-
sterone-induced increased production of ROS and/or RNS as
indicated by the inhibitory action of MR blockers (epler-

enone in vitro and spironolactone in vivo) and antioxidants
such as tempol. Although the activation of Nrf2 initially leads
to the induction of oxidant-protective genes such as TRX,
SOD, HO-1, and cGCSc and to an increase in GSH levels,
long-term aldosterone exposure apparently leads to a de-
crease in GSH levels and to DNA oxidation and breakage.

NADPH oxidase is one of the major sources of aldoste-
rone-induced ROS production in renal cells (19, 23, 39). In
agreement with this, we observed that NADPH oxidase
activation leads to aldosterone-mediated Nrf2 activation.
This is supported by the finding that NADPH oxidase in-
hibitors prevented aldosterone-induced Nrf2 activation. In
our study, VAS2870 was the most potent NADPH oxidase
inhibitor, completely preventing Nrf2 activation. However,

FIG. 7. Aldosterone affects oxidative
DNA damage levels in LLC-PK1 cells. (A)
Cells were stained for DSBs with an anti-
body against c-H2AX. Shown are represen-
tative pictures of control cells and cells
treated with 100 nM aldosterone after the
indicated time points. Pictures were taken
using a fluorescence microscope: Quantifi-
cations were done by measuring gray values
of *150 cells treated with either 10 nM (B)
or 100 nM (C) aldosterone for the indicated
time spans with ImageJ. (D) LLC-PK1 cells
stained for 8-oxodG lesions. Shown are
representative pictures of control cells and
cells treated with 10 nM aldosterone after
the indicated time points. Pictures were ta-
ken by a TCS SP5 laser scanning confocal
microscope. Quantifications were done by
measuring gray values of *100 cells treated
with either 10 nM (E) or 100 nM (F) aldo-
sterone for the indicated time spans with Im-
ageJ. (B, C, E, F) Shown is the median –
the standard error of the median, *p £ 0.05
versus the control group, evaluated by Mann–
Whitney test. DSBs, double strand breaks.
8-oxodG, 7,8-dihydro-8-oxo-guanine.
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NADPH oxidase could act as a double-edged sword. A
transient activation can initially provide a feedback antioxi-
dant response through ROS via Nrf2. Prolonged NADPH
oxidase activation by aldosterone may lead to a depletion of
intracellular NADPH, impaired ROS scavenging associated
with eNOS uncoupling, mitochondrial dysfunction, and di-
minished Nrf2-mediated antioxidant gene expression (14).

Since NADPH oxidase can be activated via PKC, the PKC
inhibitor Ro320432 was used to test the involvement of this
enzyme. Aldosterone-induced Nrf2 activation was signifi-
cantly reduced by the PKC inhibitor Ro320432, suggesting
that NADPH oxidase is activated via a PKC-dependent
pathway. However, PKC can also, independent of NADPH
oxidase activation, directly phosphorylate Nrf2, thereby in-
ducing ARE-mediated gene expression (24).

We previously reported that aldosterone activates NOS in
LLC-PK1 cells, leading to an increase in NO production (43,
44). We now observed that two NOS inhibitors, L-NAME and
W-7, inhibited aldosterone-mediated Nrf2 activation. NOS
generates NO, which is known to activate a battery of de-
toxifying enzymes and other proteins with protective func-
tions (11). Although NOS has generally protective effects on
the kidney, excess NO is considered to damage cellular
components by reacting with superoxide to generate peroxy-
nitrite (54), which, in turn, is able to activate Nrf2 (27).

Both enzymes, NADPH oxidase and NOS, can be acti-
vated by calcium. Aldosterone causes a rapid mobilization of
intracellular calcium in different cell types (16, 22, 34). Si-
milarly, we found that aldosterone increases intracellular
calcium in LLC-PK1 cells (44). The finding that the calcium
chelator bapta-AM prevented aldosterone-induced Nrf2 ac-
tivation demonstrates the involvement of calcium. The im-
portance of calcium signaling in the activation process of

Nrf2 was previously described in human hepatoma cells in-
fected with hepatitis C virus (4).

The coordinated induction of antioxidants and phase II
enzymes has been shown to protect cells against toxicity,
mutagenicity, and carcinogenicity resulting from the expo-
sure to environmental and synthetic chemicals and drugs
(57). Accordingly, we observed that the expression of TRX,
SOD, HO-1, and cGCSc increased in aldosterone-treated
cells for approximately 4 h, indicating that LLC-PK1 cells ini-
tiated a protective Nrf2-dependent response against aldoste-
rone actions. However, the Nrf2 response was not enough to
neutralize the adverse effects of a singular aldosterone treat-
ment in LLC-PK1 cells, probably due to the down-regulation
of Nrf2-regulated genes after 24 h exposure to aldosterone. In
vivo, on the other hand, even after 4 weeks of continuous
aldosterone treatment, the HO-1 and cGCSc expression was
elevated in the Ald group, which in the animal possibly
points to a rather chronic induction of Nrf2. These differ-
ences between in vitro and in vivo might result from al-
terations of cultured cells. Moreover, in vitro, only one
kidney cell type was studied, while many different cell
types are affected by aldosterone in vivo. In the light of
existing reports, the fact that we see a raised activation of
Nrf2 in vivo at all is astonishing: In chronic kidney disease,
as well as in two hypertension models, the Dahl-sensitive
hypertensive rat and the spontaneously hypertensive rat,
Nrf2 activity and target gene expression were reduced (6,
28, 60). Only in hypertension induced by the synthetic
steroid deoxycorticosterone acetat, an up-regulation was
also observed (18).

GSH is the most abundant endogenous antioxidant in eu-
karyotic cells, and it plays a leading role in the regulation of
the redox state. GSH exerts potent antioxidant actions by

FIG. 8. Sulforaphane increases the cellular Nrf2 response. (A) LLC-PK1 cells were stained for Nrf2-positive nuclei.
Shown are representative pictures of control cells and aldosterone- (10 and 100 nM) and sulforaphane (2 lM)-treated cells.
Pictures were taken by a TCS SP5 laser scanning confocal microscope. Quantifications were done by measuring gray values
of *100 cells per treatment after 4 h (B) and 24 h (C) with ImageJ. (D) Nrf2 nuclear abundance normalized to the
respective control after 4 and 24 h of aldosterone treatment. (B–D) Shown are mean values – SEM, *p £ 0.05 versus the
control group, �p £ 0.05 versus 10 nM aldosterone alone, Dp £ 0.05 versus 100 nM aldosterone alone, tested by ANOVA with
subsequent post-hoc comparisons by Scheffé. See Supplementary Figure S3.
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directly scavenging ROS/RNS and by serving as a substrate
in reactions that are catalyzed by a number of major antiox-
idant enzymes such as GPx. Selective inhibition of the en-
zymes of the GSH redox cycle heightens the susceptibility to
ROS/RNS-mediated cell injury (28). We observed that after
4 h of treatment, aldosterone up-regulated the catalytic sub-
unit of GCL (cGCSc), which resulted in an increase in GSH
levels. Increased intracellular GSH levels have been shown to
provide greater resistance of cells against acute NO stress
(15) and increased oxidative stress (51). Nevertheless, cel-

lular GSH concentrations were decreased again after 24 h of
treatment with aldosterone. Consistently, we observed that
after 24 h of treatment with aldosterone, ROS levels were still
high; while Nrf2 activation returned to basal levels. These
findings suggest that Nrf2 activation is a transient process on
exposure of LLC-PK1 cells to aldosterone. Although in our
animals target genes of Nrf2 were still up-regulated after 4
weeks of treatment with aldosterone, we measured increased
markers of oxidative stress in the kidneys of aldosterone-
treated rats (41).

FIG. 9. Sulforaphane protects cells from aldosterone-induced DNA damage. Cells were stained for DSBs with an
antibody against c-H2AX. (A) Shown are representative pictures of control cells and aldosterone- (10 and 100 nM) and
sulforaphane (2 lM)-treated cells for 4 h. Pictures were taken by a TCS SP5 laser scanning confocal microscope. Quan-
tifications were done after 4 h (B) and 24 h (C) of treatment by measuring gray values of *150 cells per treatment with
ImageJ. (D) Representative pictures of nuclei of cells subjected to the comet assay procedure. Left picture: nucleus of an
untreated cell, middle and right picture: nuclei of cells treated with aldosterone with different grades of DNA damage.
Effects of sulforaphane on aldosterone-induced DNA damage measured by comet assay in LLC-PK1 cells after 4 h (E) and
24 h (F). Shown is the induction of DNA damage. (B, C, E, F) Shown are mean values – SEM, *p £ 0.05 versus the control
group, #p £ 0.05 versus the respective treatment with aldosterone alone, tested by ANOVA with subsequent post-hoc
comparisons by Scheffé. See Supplementary Fig. S4.
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We found a significant increase of DNA DSBs in aldo-
sterone-treated kidney cells after 4 and 24 h. DSBs are serious
lesions that can initiate genomic instability, finally leading to
cancer (26, 36). When ROS are sufficiently close to a DNA
double-strand helix, multiple lesions can be formed on both
strands, leading to DSBs. After DSB formation, large
amounts of histone H2AX are phosphorylated to c-H2AX in
the chromatin around the breaking point, thereby creating a
focus where proteins involved in DNA repair and chromatin
remodeling accumulate. This amplification makes it possible

to detect single DSBs with an antibody against c-H2AX (2).
Although Nrf2 activation was maximal at 4 h in aldosterone-
treated LLC-PK1 cells, this was not sufficient to protect the
cells against the aldosterone-induced increase in cellular
ROS/RNS, and, as a consequence, DSBs were still detect-
able. In addition, aldosterone caused an increase of the oxi-
dized base 8-oxodG. 8-oxodG is one of the most abundant
lesions in oxidatively damaged DNA and was found to induce
mutations through G-to-T transversions (7). Oxidatively
damaged DNA has been recognized to be associated with the

Table 1. Body Weight, Kidney/Body Weight Ratio, Urinary and Blood

Parameters, Blood Pressure, and Histopathological Parameters in Rats

Parameters Control Aldosterone Aldosterone/sulforaphane Sulforaphane

Body weight (g) 501 – 11 522 – 7 516 – 7 537 – 7
Kidney/body weight ratio (&) 3.9 – 0.2 4.7 – 0.5* 4.4 – 0.2 3.8 – 0.3#

Urine volume (ml) 40 – 4 83 – 20* 23 – 7# 18 – 3#

Creatinine clearance (ml/min) 94 – 10 58 – 5 135 – 18# 105 – 6
Glomerular sclerosis index 0.53 – 0.08 1.05 – 0.16* 0.54 – 0.09# 0.46 – 0.11#

Mesangiolysis index 0.20 – 0.04 0.44 – 0.07* 0.32 – 0.07 0.24 – 0.05
Blood pressure (mm Hg) 153 – 5 180 – 7* 158 – 2# 147 – 3#

Aldosterone in plasma (nM) 1.4 – 0.2 1.7 – .0.2 1.6 – .0.2 1.4 – .0.2
Aldosterone in urine (lg/24 h) 0.18 – 0.03 0.41 – 0.09* 0.27 – 0.04# 0.15 – 0.02#

For body weight, creatinine clearance, blood pressure, and aldosterone in plasma, the mean values – SEM are shown, *p £ 0.05 versus the
control; #p £ 0.05 versus the aldosterone-treated group, tested by ANOVA with subsequent post-hoc comparisons by Scheffé. For kidney/
body weight ratio, urine volume, and aldosterone in urine, the median – the standard error of the median is shown, *p £ 0.05 versus the
control; #p £ 0.05 versus the aldosterone-treated group, evaluated by Kruskal–Wallis test with subsequent post-hoc comparisons by Dunn.

FIG. 10. Sulforaphane increases
the Nrf2 response and protects rat
kidneys from aldosterone-induced
DNA damage. Evaluation of immu-
nohistochemical staining on paraffin-
embedded kidney cortex and medulla
sections for Nrf2 activation. The ratio
of positive/negative nuclei was quan-
tified by Cell Profiler within eight
visual fields of cortex (A) and me-
dulla (B) of the kidney. Evaluation of
immunohistochemical staining on par-
affin-embedded kidney cortex and
medulla sections for c-H2AX activa-
tion. The ratio of positive/negative
nuclei was quantified by Cell Profiler
within eight visual fields of the cortex
(C) and medulla (D) of the kidney. (E)
DNA damage measured by the comet
assay in kidney cells extracted from
kidneys of all groups. Results are
shown as percentage of DNA in the
tail. (A–E) Shown are mean val-
ues – SEM, *p £ 0.05 versus the control
group, #p £ 0.05 versus the aldoste-
rone-treated group, tested by ANOVA
with subsequent post-hoc comparisons
by Scheffé.
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development of some degenerative diseases, essential hy-
pertension (37), and cancer, including kidney tumors (8, 21).
Nrf2 is able to protect cells from oxidative DNA damage
in vivo: Nrf2-deficient, but not wild-type, mice that are ex-
posed to diesel exhaust particles showed increased levels of
8-oxodG in bronchial epithelial cells (1, 38), pointing out the
importance of Nrf2 in the fight against oxidative DNA
damage. Although Nrf2 activation was observed in our ani-
mal study, a high amount of DNA damage was found in
aldosterone-treated rat kidneys (41), indicating that the re-
sponse was not strong enough to protect the animals against
these effects.

To clarify whether known Nrf2 activators could enhance
the Nrf2 response to protect cells against aldosterone-induced
DNA damage, the isothiocyanate sulforaphane, abundant in
cruciferous vegetables such as broccoli or Brussels sprouts,
was tested in our study. Sulforaphane was, indeed, able to
intensify the Nrf2 response in cells treated with aldosterone
after 4 and 24 h. Importantly, sulforaphane was also able to
prevent aldosterone-induced DSB, detected as c-H2AX-foci
after 4 and 24 h, and further aldosterone-induced DNA
damage after 4 and 24 h in the comet assay.

In vivo, aldosterone treatment induced systemic arterial
hypertension, kidney hypertrophy, and impaired kidney
function. Sulforaphane/aldosterone treatment improved most
of these effects: Urine volume was lowered compared to
aldosterone-treated rats, and creatinine clearance was sig-
nificantly higher than in aldosterone-treated rats. In addition,
histopathological parameters such as glomerular and tubular
damage were, in part, significantly decreased in this group.
As observed in our first animal experiment (41), blood
pressure was significantly increased after aldosterone treat-
ment compared to control rats. In comparison to the aldo-
sterone-treated group, sulforaphane/aldosterone treatment
significantly reduced blood pressure down to control levels.
In aldosterone-treated animals, the plasma aldosterone con-
centration was about 2 nM, corresponding to the plasma level
of patients suffering from resistant hypertension (47). Since
plasma aldosterone levels were not statistically different
between all groups, this hints at a possible systemic internal
regulation of aldosterone plasma levels. Urinary aldosterone
was significantly increased in the aldosterone group com-
pared to control rats and significantly reduced in the sulfor-
aphane and sulforaphane/aldosterone group compared to
aldosterone-treated rats. One explanation could be that in
aldosterone-treated rats, the renin-angiotensin-aldosterone
system is up-regulated, which seems to be somehow pre-
vented by sulforaphane.

The improvement of arterial hypertension and kidney
function by sulforaphane treatment could be due to an addi-
tional increase of Nrf2 in the kidney cortex and medulla
compared with aldosterone-treated rats. Recently, the Nrf2-
activating substance bardoxolone methyl, a synthetic tri-
terpenoid, was tested in a phase 3 study due to its potentially
nephroprotective effects (10, 40). The clinical study had to be
stopped due to serious adverse effects (10). Additional
knowledge on Nrf2 actions in the kidney and on the effects of
Nrf2 activators of other substance classes than triterpenoids
might give new perspectives for further trials. Sulforaphane
treatment also led to a significant reduction of DNA damage
in the comet assay and DSBs (c-H2AX-foci) compared to
aldosterone-treated rats. DNA damage has long been recog-

nized as an important factor in aging and cellular senescence
(53), but lately, it has also been considered a contributor to
disease progression due to the generation of dysfunctional
cells (25). Furthermore, the DNA damage response was re-
cently connected to progressive loss-of-kidney function (31).
Therefore, the results pointing out the beneficial effects of
sulforaphane in aldosterone-treated rats could be the starting
point for further studies aiming at therapies against end-organ
damage in hypertension or kidney cancer.

The present work shows that in vitro, aldosterone initially
triggered the activation of Nrf2 as a protective antioxidant
response in LLC-PK1 cells. Although antioxidant or detox-
ifying enzymes, such as TRX, SOD, HO-1, or cGCSc, were
rapidly induced in response to aldosterone-induced oxidative
or nitrative stress, this adaptive survival response seemed to
be transient and overwhelmed by a chronic increased pro-
duction of ROS/RNS. As a consequence, oxidative DNA
damage occurred. Further, although Nrf2 activation was
observed in vivo, a high amount of DNA damage was found
in aldosterone-treated rat kidneys, indicating that the re-
sponse was not strong enough to protect the animals against
these effects, which could, in part, underlie the higher cancer
mortality observed in hypertensive patients, who often
present elevated aldosterone levels. Therapies enhancing the
Nrf2 response could prevent the adverse effects of aldoste-
rone on the kidney, heart, and aorta and, therefore, the pos-
sible oncogenic action in hypertensive patients.

Materials and Methods

Materials

Epithelial porcine kidney cells with proximal tubular
properties (LLC-PK1) were obtained from the American
Type Culture Collection. Cell culture medium and reagents
were obtained from PAA Laboratories GmbH. The primary
antibodies against cGCSc (sc-22755) and Nrf2 (sc-722) were
obtained from Santa Cruz Biotechnology. HO-1 (2212-1)
was purchased from Epitomics, 8-oxoG (SQP003.1) was
obtained from Squarix, c-H2AX (AP07419PU-N) was ob-
tained from Acris Antibodies GmbH, SOD1 (GTX100554)
and TrxR1 (GTX108727) antibodies were purchased from
Biozol, a-tubulin (T6199) was obtained from Sigma, and
gapdh (2118S) was purchased from Cell Signaling Tech-
nology, Inc. The secondary antibody Cy3-conjugated Affi-
niPure F(ab’)2 fragment goat anti-rabbit IgG (111-166-045)
was purchased from Jackson Immunoresearch and CF�488A
(20015) from Biotium. The oligonucleotides containing the
consensus sequence for Nrf2 and SP-1 and the reagents for
the EMSA were obtained from Promega. Polyvinylidene
fluoride (PVDF) membranes were obtained from Bio-Rad,
and Chroma Spin-10 columns were obtained from Clontech.
The ECL plus Western blotting system was from Amersham
Pharmacia Biotech, Inc. H2DCF-DA and propidium iodide
(PI) were obtained from Molecular Probes. Apocynin was ob-
tained from Calbiochem. Aldosterone, 1,2-bis(2-aminophenoxy)
ethane-N,N,N¢,N¢-tetraacetic acid tetrakis(acetoxymethyl) ester
(BAPTA-AM), DPI, eplerenone, L-NAME, W-7, mifepristone
(Mi), Ro320432 (Ro), L-sulforaphane (Sulf), tempol, and all
other reagents were obtained from the highest quality avail-
able and were purchased in Sigma. D,L-Sulforaphane (Sulf)
was obtained from Santa Cruz Biotechnology. VAS2870 was
kindly donated by Vasopharm BIOTECH GmbH.
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Methods

Cell culture. LLC-PK1 cells were cultured for 24 h in
control medium, as described earlier (49). Cells were, sub-
sequently, treated with aldosterone (5–100 nM) for 0.08–
24 h, depending on the assay. Previous evidence showed that
concentrations of aldosterone of approximately 100 nM and
24 h incubation do not affect LLC-PK1 cell viability (43).

Animal treatment

First animal experiment. Thirty-two male Sprague–
Dawley (RjHan:SD) rats ( Janvier) were randomly divided
into four groups at the age of 5–6 weeks (8 per group). After 3
weeks of acclimatization, group 2–4 received 0.75 lg/h.kg
aldosterone for 4 weeks via an osmotic minipump (Alzet,
2 ml) to induce a mineralocorticoid-dependent hypertension.
Group 1 (Control) received PBS via an osmotic minipump. In
addition, all animals got 1% (w/v) NaCl in the drinking water.
Compared with group 2 (Ald), group 3 (spironolactone/Ald)
was given daily 25 mg/kg spironolactone per gavage in ad-
dition to aldosterone and group 4 (tempol/Ald) 1 mM tempol
via the drinking water.

Second animal experiment. Twenty-nine male Sprague–
Dawley (RjHan:SD) rats ( Janvier) were randomly divided into
four groups at the age of 5–6 weeks (eight per group, exception:
five in the sulforaphane group). After 3 weeks of acclimatiza-
tion, group 3–4 (Ald and sulforaphane/Ald) received 0.75 lg/
h.kg aldosterone for 4 weeks via an osmotic minipump (Alzet,
2 ml) to induce a mineralocorticoid-dependent hypertension.
Group 1 (Control) and 2 (sulforaphane) received PBS via
the osmotic minipump. In addition, all animals got 1% (w/
v) NaCl in the drinking water. Group 4 (sulforaphane/Ald)
and group 2 (sulforaphane) were given 15 mg/kg D,L-
sulforaphane via drinking water. Blood pressure was measured
once a week noninvasively by the tail-cuff method (Visitech
Systems). At the beginning and at the end of the experiment,
the rats were placed in metabolic cages, and urine samples
were collected after 24 h for assessing renal function.

After 4 weeks of treatment, the animals of both experi-
ments were anesthesized (ketamine 120 mg/kg and xylazine
8 mg/kg i.m.), the organs of the animals were perfused with
ice-cold 0.9% (w/v) NaCl solution (Fresenius Kabi) and
Deltadex 40 (AlleMan Pharma) containing 1% (w/v) procain
hydrochloride, and the kidneys were excised. All animal
experiments were performed in accordance with the Euro-
pean Community guidelines for the use of experimental an-
imals and with the German law for the protection of animals.
The investigation conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National In-
stitutes of Health (NIH Publication No. 85-23, revised 1996).

Electrophoretic mobility shift assay. Nuclear fractions
were isolated as previously described (35). For the EMSA,
the oligonucleotides containing the consensus sequence of
Nrf2 or SP-1 were end labeled with [c-32P]-ATP using T4
polynucleotide kinase and purified using Chroma Spin-10
columns. Samples were incubated with the labeled oligo-
nucleotide (20,000–30,000 cpm) for 20 min at room tem-
perature in 1 · binding buffer (5 · binding buffer: 50 mM
Tris-HCl buffer, pH 7.5, containing 20% [v/v] glycerol,
5 mM MgCl2, 2.5 mM EDTA, 2.5 mM dithiothreitol (DTT),

250 mM NaCl, and 0.25 mg/ml poly[dI-dC]). The products
were separated by electrophoresis in a 6% (w/v) non-
denaturing polyacrylamide gel using 0.5 · TBE (Tris/borate
45 mM, EDTA 1 mM) as the running buffer. The gels were
dried, and the radioactivity was quantified in a Phosphor-
imager 840 (Amersham Pharmacia Biotech, Inc.).

Evaluation of the concentration of intracellular oxi-
dants. The concentration of intracellular oxidants was
estimated using the probe H2DCF-DA. Cells were seeded in
96-well plates and at confluency, they were incubated in me-
dium with or without 10 or 100 nM aldosterone for 0.08–24 h.
During the last 5 min of treatment, cells were additionally
loaded with 40 lM H2DCF-DA. Fluorescence was measured
at kexc: 485 nm; kem: 535 nm. Afterwards, cells were rinsed
with PBS, and 200 ll of PBS was added per well. To determine
DNA content, samples were incubated with 0.1% (v/v) Igepal
for 20 min and, subsequently, with 50 lM PI, incubated for
30 min at room temperature, and the fluorescence (kexc:
544 nm, kem: 568 nm) was measured. Results are expressed as
ratio of DCF fluorescence/PI fluorescence.

Western blot analysis. For the preparation of total cell
extracts, 5 · 106 cells were rinsed with PBS, scraped, and
centrifuged. The pellet was rinsed with PBS, and resuspended
in 200 ll of 50 mM HEPES (pH 7.4), 125 mM KCl, which
contained protease inhibitors and 1% (v/v) Igepal. The final
concentration of the inhibitors was 0.5 mM PMSF, 1 mg/L
leupeptin, 1 mg/L pepstatin, 1.5 mg/L aprotinin, 2 mg/L
bestatin, and 0.4 mM sodium pervanadate. Samples were
exposed to one cycle of freezing and thawing, incubated at
4�C for 30 min, and centrifuged at 15,000 g for 30 min. The
supernatant was decanted, and the protein concentration was
measured (3). Nuclear fractions were isolated as previously
described (35).

For the preparation of kidney extracts, one quarter of
each rat kidney was minced on nitrogen, suspended in lysis
buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.25%
sodium desoxycholate, and 1% Nonidet p40), and finally
centrifuged at 8000 g at 4�C for 5 min. The supernatant was
transferred to a new tube, and protein concentration was
measured (3).

Approximately 40–50 lg protein were separated by re-
ducing 10% (w/v) or 12.5% (w/v) SDS-PAGE and electro-
blotted to PVDF membranes. Membranes were blocked for
2 h in 5% (w/v) bovine serum albumin; incubated in the
presence of corresponding primary antibodies Nrf2 (1:500),
cGclc (1:1000), and HO-1 (1:1000) overnight, b-tubulin
(1:1000) for 90 min at 37�C, and gapdh (1:2000) for 60 min
at room temperature. After incubation for 90 min at room
temperature in the presence of the secondary antibody
(horseradish peroxidase [HRP]-conjugated) (1:10,000 dilu-
tion), the conjugates were visualized by chemiluminescence
detection in a Phosphorimager 840 (Amersham Pharmacia
Biotech, Inc.).

GSH/GSSG determination. LLC-PK1 cells (0.2 · 105)
seeded the previous day were treated with test substances
for 4 and 24 h. Cells were washed with ice-cold 1 · PBS,
centrifuged at 1000 g for 5 min at 4�C, and incubated with
extraction buffer (0.1% Triton X-100, 0.6% sulfosalicylic
acid, and 0.1 M potassium phosphate EDTA buffer). Cells
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were homogenized by ice-cold sonication in an ultrasonic
bath for 2–3 min, and centrifuged at 3000 g for 4 min at 4�C.
The supernatant was separated for GSH (200 ll) and GSSG
(100 ll) determination into different tubes. In addition, GSH
(1 mg/ml) and GSSG (2 mg/ml) standard curves were pre-
pared. GSH samples were kept on ice, and 2 ll of 1 M 2-
vinylpyridine was added to GSSG samples/standards and
incubated for 1 h at room temperature. Afterwards, 6 ll of
1.14 M triethanolamine was added to GSSG samples/stan-
dards and incubated for 10 min at room temperature. All
samples were kept on ice until measurements were taken.
Standards and samples were added to a 96-well plate; 0.2 U
GSH reductase, 60 ll of 1.68 mM 5,5¢-dithio-bis(2-ni-
trobenzoic acid), and 60 ll of 0.8 mM NADPH were loaded;
and finally, absorption was measured at 405 nm by plate
reader. Protein content was determined by Bradford (29).
Results are expressed as the ratio of GSH/GSSG absorption/
protein content.

Fluorimetric determination of GSH levels. LLC-PK1
cells (0.18 · 105) seeded the previous day were treated
with test substances for 4 and 24 h. Cells were washed with
ice-cold 1 · PBS and incubated with 1 ml of lysis buffer
(0.2 M mannitol, 50 mM saccharose, 0.01 M HEPES, and pH
7.5) for 10 min on ice. Afterwards, the cells were scraped,
transferred into a tube, and centrifuged at 12,000 g for
10 min at 4�C. Cell lysates were collected into a new mi-
crocentrifuge tube, and 90 ll of the samples were added to a
96-well plate (Fluotrac 200, black; Greiner Bio-One
GmbH). Ten microliters of 17.65 mM monochlorobimane
(4 mg/ml PBS) was loaded to all wells and incubated for 1–
2 h in the dark at room temperature. Fluorescence was re-
corded using a fluorescence plate reader with a 355/460 nm
filter set. Protein content was determined by Bradford (29).
Results are expressed as the ratio of GSH fluorescence/
protein content.

Detection of phosphorylated c-H2AX sites. LLC-PK1
cells seeded the previous day were treated with test sub-
stances for 4 and 24 h, harvested, brought onto glass slides by
cytospin centrifugation, and fixed in ice-cold methanol for
24 h. The coverslips were washed twice with PBS; incubated
overnight at 37�C with anti-c-H2AX antibody (AP07419PU-
N; Acris Antibodies GmbH); and, after extensive washing
with PBS containing 0.2% Tween (PBST), they were incu-
bated for 30 min at 37�C in the dark with a fluorescein iso-
thiocyanate-conjugated secondary antibody. Nuclei were
counterstained with Hoechst 33258, and the slides were
mounted with DABCO (1,4-diazabicyclo(2.2.2)octan). Ima-
ges were captured using a Nikon Eclipse 55i fluorescence
microscope (Nikon GmbH) at a 400-fold magnification.
Quantification was done by measuring gray values of 100
cells per treatment with ImageJ 1.40g (http://rsb.info.nih
.gov/ij/) (45).

Detection of 8-oxodG by immunofluorecent staining.
LLC-PK1 cells seeded the previous day were treated with test
substances for 4 and 24 h. Cells were harvested, brought onto
glass slides by cytospin centrifugation, and fixed in ice-cold
methanol for 24 h. RNA was digested with 200 lg/ml RNAse
A, 50 U/ml RNAse T1 for 1 h at 37�C. After incubating the
cells in 60% 70 mM NaOH, 140 mM NaCl, and 40% meth-

anol for 5 min at 0�C, the cells were proteolyzed in 0.1%
trypsin for 30 s at 37�C. Proteinase K (2 lg/ml in 20 mM Tris/
HCl and 2 mM CaCl2, pH 7.5) was added for 10 min at 37�C,
and the cells were washed in PBS and 0.2% glycin/PBS.
Blocking was performed in 1% casein/PBS for 30 min at
room temperature followed by overnight incubation with
anti-8-oxoG antibody (SQP003.1; Squarix) at 4�C. The next
day, cells were washed in 0.05% Tween/PBS, and a Cy3-
labeled secondary antibody (1:700) was added for 1 h at room
temperature. After washing, the cells were stained with 4¢,6-
diamidin-2-phenylindol (DAPI) and mounted with confocal
matrix. Confocal images were obtained by measuring the
fluorescence at 570 nm (kexc 550 nm) and 660 nm (kexc
633 nm) using a sequential scan with a TCS SP5 laser scan-
ning confocal microscope (Leica Microsystems GmbH).
Quantification was done by measuring gray values of 100
cells per treatment with ImageJ 1.40g (http://rsb.info.-
nih.gov/ij/) (45).

Nuclear abundance of Nrf2 observed by confocal micros-
copy. LLC-PK1 cells (0.3 · 105) were seeded in 6-well
plates on cover slips and treated with test substances for
4 and 24 h. Cells were washed and fixed in ice-cold
methanol for 7 min. After blocking for 1 h in blocking
solution (10% fetal calf serum, 1% Tween 20), cells were
incubated with the primary Nrf2 antibody (1:100) for 2 h
at room temperature, washed, and, subsequently, incu-
bated with the CF�488A-labeled secondary antibody
(1:500) for 1 h at room temperature in the dark. Cells were
stained with DAPI and mounted with confocal matrix.
Confocal images were obtained by measuring the fluo-
rescence at 515 nm (kexc 488 nm) with a TCS SP5 laser
scanning confocal microscope (Leica Microsystems
GmbH). Quantification was done by measuring gray val-
ues of 100 cells per treatment with ImageJ 1.40g (http://
rsb.info.nih.gov/ij/) (45).

Extraction of primary kidney cells. Freshly obtained rat
kidney parts were minced on ice to small pieces, which were
suspended in 3 ml buffer consisting of RPMI 1640, 15%
DMSO, and 1.8% (w/v) NaCl. The extracted primary rat
kidney cells were sifted through a cell strainer with a mesh
pore size of 100 lM (Becton Dickinson), centrifuged for
5 min at 1000 rpm and at 4�C, and, finally, resuspended in
1 ml of buffer. Cells were kept on ice until the comet assay
was performed.

Comet assay. The comet assay was done as described
earlier (50). Briefly, cells were treated for 4 and 24 h with the
tested substances. Afterwards, the cells were embedded in
agarose and exposed to an electrical field. From cells with
damaged DNA (single-strand breaks or DSBs, alkali labile
sites), more DNA can migrate than from cells with intact
nuclear DNA. A comet-like structure is formed, because
smaller fragments and relaxed loops move faster than larger
fragments and intact DNA. DNA was stained with PI (20 lg/
ml). A fluorescence microscope at 200-fold magnification
and a computer-aided image analysis system (Komet 5; Ki-
netic Imaging Ltd.) were used for analysis. Fifty cells in total
(25 per slide) were analyzed per experimental condition
performed at least in triplicate, and the results were expressed
as percentage of DNA in the tail region.
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Immunohistochemistry. Immunohistochemistry was per-
formed by using a commercially available tyramide signal
amplification kit (Perkin Elmer) according to the protocol
provided by the manufacturer. Briefly, paraffin kidney sec-
tions (2 lM) were mounted on glass slides, heated at 60�C for
1 h, and deparaffinized. The sections were incubated with 3%
(v/v) hydrogen peroxide for 20 min at room temperature,
washed, and boiled in citrate buffer (10 mM citric acid, 2 M
NaOH) for 1 h. Afterward, the slides were blocked with TNB
buffer for 30 min at room temperature, incubated with
0.001% (w/v) avidin and 0.001% (w/v) biotin, subsequently
with the primary anti-Nrf2 antibody (1:1000 dilution) over-
night at 4�C, followed by a 1 h incubation with the biotin-
conjugated secondary antibody (1:100 dilution). Sections
were incubated with streptavidin-HRP (1:100) for 30 min,
followed by tyramide amplification (10 min) and another
streptavidin-HRP incubation for 30 min. Slides were incu-
bated with diaminobenzidine chromogen (Vector Labora-
tories) for 8 min, counterstained with hematoxylin, and
mounted with Eukitt (Fluka). Pictures were taken with a
Leica DM 750 microscope at 200-fold magnification, using
a Leica ICC50 HD camera. The ratio of positive/negative
nuclei was assessed using the cell image analysis software
CellProfiler (30) within eight visual fields.

Assessment of urinary and blood parameters. Creati-
nine in urine and serum was analyzed by a commercially
available ELISA kit (Cayman Chemicals) according to the
protocol provided by the manufacturer. Briefly, a standard
curve was prepared, samples were analyzed in duplicates,
and, finally, the absorbance was measured at 490 nm in a
plate reader. Creatinine clearance was calculated from uri-
nary and serum values. Aldosterone was measured in urine
and plasma using a commercially available ELISA kit
(Biotrend) according to the manufacturer’s protocol. Urine
samples were diluted in urine diluent (Biotrend).

Histopathology. For histopathological investigation of
the kidney, 2 lM sections were cut and stained with periodic
acid-Schiff stain. In the kidneys, GSI and MSI were deter-
mined as described earlier (59).

Statistical analysis. All animal data and multiple com-
parisons were analyzed by one-way analysis of variance
(ANOVA), and subsequent post-hoc comparisons by Scheffé
were performed using Statview 5.0.1 (Brainpower, Inc.) or
SPSS 21 (IBM), after ensuring normal distribution with
the Shapiro–Wilk test. Values are given as mean – SEM.
Of experiments with less than six independent repetitions,
non-normal distribution was assumed and these and other
non-normal distributed data were analyzed with the Mann–
Whitney test or by the Kruskal–Wallis test with subsequent
comparisons by Dunn. Here, the median and the standard
error of the median are shown. A p-value £ 0.05 was con-
sidered statistically significant. All experiments were per-
formed at least thrice.
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Abbreviations Used

cGCSc¼ c-glutamylcysteine synthetase catalytic
subunit

8-oxodG¼ 7,8-dihydro-8-oxo-guanine
ARE¼ antioxidant response element

BAPTA-AM¼ 1,2-bis(2-aminophenoxy)ethane-N,N,N¢,N¢-
tetraacetic acid tetrakis(acetoxymethyl)
ester

DABCO¼ 1,4-diazabicyclo(2.2.2)octan
DAPI¼ 4¢,6-diamidin-2-phenylindol
DCF¼ 5-(and-6)-carboxy-2’,7’-dichlorofluorescein
DPI¼ diphenyleneiodonium chloride

DSBs¼ double-strand breaks
DTT¼ dithiothreitol

EMSA¼ electrophoretic mobility shift assay
GCL¼ glutamate cysteine ligase
GPx¼ glutathione peroxidase
GR¼ glucocorticoid receptor

GSH¼ glutathione
GSI¼ glomerular sclerosis index

H2DCF-DA¼ 5-(and-6)-carboxy-2¢7¢-dichlorodihydro-
fluorescein diacetate

HO-1¼ heme oxygenase-1
HRP¼ horseradish peroxidase

Keap1¼Kelch-like ECH-associated protein 1
LA¼ (–)-a-lipoic acid

L-NAME¼L-nitroarginine methyl ester
MR¼mineralocorticoid receptor
MSI¼mesangiolysis index

NAC¼N-acetyl cysteine
NO¼ nitric oxide

NOS¼NO synthase
Nrf2¼ nuclear factor-erythroid-2-related factor 2

PI¼ propidium iodide
PKC¼ protein kinase C

PVDF¼ polyvinylidene fluoride
RNS¼ reactive nitrogen species

Ro¼Ro320432
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase
TRX¼ thioredoxin

VAS2870¼ 3-benzyl-7-(2-benzoxazolyl)thio-1,2,3-
triazolo[4,5-d]pyrimidine)

W-7¼N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide hydrochloride
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