
ORIGINAL RESEARCH COMMUNICATION

NADPH Oxidase-Derived H2O2 Contributes
to Angiotensin II-Induced Aldosterone Synthesis

in Human and Rat Adrenal Cortical Cells

Senthilkumar B. Rajamohan,* Gayatri Raghuraman,* Nanduri R. Prabhakar, and Ganesh K. Kumar

Abstract

Background: The Renin-Angiotensin-Aldosterone-System plays a pivotal role in hypertension. Angiotensin II
(Ang II) is a major regulator of aldosterone synthesis and secretion, and it is known to facilitate reactive oxygen
species (ROS) generation in many cell types. Aims: Here, we assessed the role of ROS signaling in Ang II-
induced aldosterone synthesis by focusing on the regulation of aldosterone synthase (CYP11B2), a cytochrome
P450 oxidase that catalyzes the final step in aldosterone biosynthetic pathway. Results: Ang II increased
CYP11B2 activity, mRNA and protein with a concomitant elevation of 6-Carboxy- 2¢,7¢-dichlorodihydro-
fluorescein diacetate fluorescence, malondialdehyde and protein carbonyl levels (indices of ROS), NADPH
oxidase (Nox) activity, and H2O2 levels in human and rat adrenal cortical cells. The expression of nuclear
receptor related 1 protein, a transcription factor known to regulate CYP11B2 expression, was also augmented by
Ang II. These Ang II-evoked effects were either abolished or attenuated by pretreatment of cells with either Ang
II type I receptor (AT1R) antagonist, or antioxidants or Nox inhibitor or siRNA silencing of Nox1, 2 and 4, or
inhibitors of phospholipase C and protein kinase C. Exogenous H2O2 mimicked the facilitatory effects of Ang II
on CYP11B2 activity, mRNA, and protein expression, and these changes were significantly reduced by PEG-
catalase. Innovation: ROS, particularly H2O2, is identified as a key regulator of aldosterone production. Con-
clusion: Our results suggest that Ang II facilitates CYP11B2 activity and the ensuing aldosterone production via
activation of AT1R-Nox-H2O2 signaling pathway. Antioxid. Redox Signal. 17, 445–459.

Introduction

Aldosterone, a mineralocorticoid primarily produced
and secreted by zona glomerulosa of the adrenal cortex,

plays important roles in the control of blood pressure via
regulation of sodium and water homeostasis. It is synthesized
from cholesterol via a series of hydroxylation and oxidation
reactions involving members of the cytochrome P450 super
family that include cholesterol desmolase, 3b-hydroxysteroid
dehydrogenase, CYP21 hydroxylase, 11b-hydroxylase, and
aldosterone synthase (CYP11B2) [Fig. 1A; Ref. (24)]. CYP11B2,
a cytochrome P450 oxidase localized to the inner mito-
chondrial membrane, catalyzes the final step of aldosterone
synthesis wherein deoxycorticosterone (via the intermedi-
ate, corticosterone) is converted to aldosterone in an O2-
dependent reaction (31). In adults, excessive production
and secretion of aldosterone, due to either primary or sec-
ondary disorders, result in sodium retention and systemic
arterial hypertension (39, 44). On the other hand, disorders of

Innovation

The Renin-Angiotensin-Aldosterone-System (RAAS)
plays a pivotal role in hypertension. Although it is well
known that angiotensin II (Ang II), the major effector of the
RAAS, regulates aldosterone synthesis and can increase
reactive oxygen species (ROS) in several cell types, the
contribution of ROS to Ang II-induced aldosterone syn-
thesis has not been investigated. The analysis of aldoste-
rone synthase, the rate-limiting enzyme in aldosterone
biosynthesis, revealed a functional link between Ang II,
Nox-, and mitochondria-derived O2

. - and the ensuing
H2O2 and aldosterone production. The identification of
O2

. - /H2O2 as a key regulator of aldosterone synthesis
provides a new platform for the development of antioxi-
dant-based combination therapy in RAAS-dependent ar-
terial hypertension.
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aldosterone synthesis in infants are associated with severe
dehydration, electrolyte disturbances, and growth retardation
(47). Given the importance of aldosterone in the control of
renal and cardiovascular function, several studies have
examined the cellular mechanisms regulating aldosterone
production.

Studies on rat and bovine zona glomerulosa (5, 6, 48) as
well as human adrenocarcinoma H295R cell cultures (4, 34,
42) have identified angiotensin II (Ang II), the effector of the
renin-angiotensin system, and K + as the major regulators of
aldosterone synthesis. Ang II derived from circulation stim-
ulates the synthesis and release of aldosterone in the adrenal
cortex by inducing CYP11B2 transcription in an angiotensin II
type I receptor (AT1R)-dependent manner (27, 29). Multiple

AT1R activated signaling pathways that contribute to en-
hanced aldosterone production and release have been de-
scribed (1, 2). For instance, stimulation of AT1R by Ang II
activates phospholipase C-b (PLC-b) and the inositol tri-
sphosphate/Ca2 + pathway, leading to transcriptional up
regulation of CYP11B2 mRNA and enhanced aldosterone
synthesis (2). On the other hand, studies in vascular smooth
muscle cells showed that AT1R-dependent activation of
NADPH oxidase (Nox) and the ensuing increase in superox-
ide anion production (O2

. - ) mediate Ang II-induced vascular
damage and smooth muscle cell proliferation via activation of
the reactive oxygen species (ROS) signaling pathway (13, 52).
Furthermore, Ang II-mediated increase in ROS levels in car-
diomyocytes and renal mesangial cells contributes to cardiac

FIG. 1. Ang II-evoked changes in aldosterone production and CYP11B2 activity, mRNA, and protein expression in
human H295R cells. (A) Aldosterone biosynthetic pathway. Cells grown to 90% confluence were treated with indicated
concentrations of Ang II for 6 h. Cells not treated with Ang II served as control (CON). Changes in aldosterone levels in the
culture medium (B) and CYP11B2 activity in cell homogenates (C) as a function of concentration of Ang II were determined
using procedures as described in Materials and Methods section. Ang II (10 nM)-induced changes in CYP11B2 activity as a
function of incubation time (D), CYP11B2 protein as determined by western blot (E), and CYP11B2 mRNA expression as
assessed by real-time PCR (F) are shown. The protein and mRNA data were obtained with cells treated with either vehicle or
Ang II for 6 h and normalized using b-actin and 18S, respectively. Results derived from six independent experiments are
presented as mean – SEM. *p < 0.05, **p < 0.01, ***p < 0.001 and n.s., not significant. Ang II, angiotensin II; CYP11B2, aldo-
sterone synthase; PCR, polymerase chain reaction.
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hypertrophy (3, 14) and progression of renal dysfunction (19),
respectively.

Currently, the role of ROS signaling in Ang II-dependent
stimulation of aldosterone synthesis is not known. In the
present study, we examined whether Nox-derived ROS me-
diates the enhanced aldosterone production by Ang II. The
effects of Ang II on ROS production, CYP11B2, and Nox ac-
tivities as well as the effects of antioxidants and Nox inhibition
on Ang II-mediated stimulation of aldosterone synthesis were
studied in vitro in H295R cells and rat adrenal cortical slices
containing zona glomerulosa. Our results showed that Ang II
treatment increases CYP11B2 activity, aldosterone levels, and
Nox-derived H2O2. Moreover, administration of Nox inhibi-
tor or antioxidants or H2O2 scavenger markedly attenuates
Ang II-induced increases in CYP11B2 transcription, protein
levels and activity, as well as aldosterone levels in adrenal
cortical cells.

Results

Ang II increases CYP11B2 activity

CYP11B2 catalyzes the final step in aldosterone biosyn-
thesis (Fig. 1A). To assess the effects of Ang II on aldosterone
production and CYP11B2 activity, H295R cells were treated
with Ang II (1, 10 and 100 nM) for 6 h at 37�C, and aldo-
sterone levels in the culture medium as well as CYP11B2
activity in the cell-free extracts were determined. Preliminary
analysis showed that cell pellets contain a negligible amount
of aldosterone, whereas > 98% of the aldosterone occurs in
the culture medium. Therefore, the changes in aldosterone
level in the culture medium were used as an index of al-
dosterone synthesis. Ang II increased aldosterone levels
(Fig. 1B) and CYP11B2 activity (Fig. 1C) in a dose-dependent
manner; a maximum increase of *3.5-fold was seen for both
at a 10 nM concentration. The increase in CYP11B2 activity
evoked by Ang II seems to be a time-dependent phenome-
non. Up to 1 h, Ang II (10 nM) had no effect on CYP11B2
activity, whereas it induced *2.0 and 3.5-fold increases in
CYP11B2 activity after 3 and 6 h of treatment, respectively
(Fig. 1D). The increases in CYP11B2 activity and the ensuing
aldosterone production by Ang II (10 nM for 6 h) were due in
part to elevations in CYP11B2 protein (*2-fold; Fig. 1E;
Supplementary Fig. S1; Supplementary Data are available
online at www.liebertonline.com/ars) and mRNA expres-
sion (*6.8-fold; Fig. 1F). The findings just mentioned are
consistent with the previously reported Ang II-evoked in-
creases in aldosterone levels and CYP11B2 mRNA expres-
sion in H295R cells (26, 27, 50).

Ang II stimulates ROS generation in H295R cells

Studies in cardiomyocytes (49), vascular smooth muscle
cells (52), and renal mesangial cells (19) showed that Ang
II-induced cellular responses are mediated via ROS signal-
ing. To assess whether Ang II elevates ROS levels in adrenal
cortical cells, H295R cells were loaded with 6-Carboxy-2¢,
7¢-dichlorodihydrofluorescein diacetate (DCFDA) for 30 min
before Ang II treatment. The change in DCFDA fluorescence
due to ROS-mediated oxidation was monitored by fluo-
rescence microscopy (45, 46). Ang II increased DCFDA
fluorescence in a concentration- (Fig. 2A; Supplementary
Fig. S2A) and time-dependent manner (Supplementary

Fig. S2B). A maximum increase in DCFDA fluorescence was
seen at a 10 nM concentration (Fig. 2A), and exposure to Ang II
for as short as 10 min was sufficient to induce DCFDA fluo-
rescence (*20-fold; Supplementary Fig. 2B) with a maximum
increase seen at 40 min. At a higher incubation time, there was
a progressive decrease in fluorescence intensity, which may be,
in part, due to deterioration of fluorescence signals. These re-
sults suggest that within several minutes of treatment, Ang II
facilitates ROS generation in H295R cells.

Since exposure to 10 nM of Ang II induced a maximum in-
crease in aldosterone levels (Fig. 1B), CYP11B2 activity (Fig. 1C),
and ROS generation (Fig. 2A), H295R cells treated with 10 nM of
Ang II were used for the following mechanistic studies.

Source and chemical identity of ROS generated
by Ang II in H295R cells

Several reports suggested that Ang II-induced ROS can be
either superoxide anion or its dismutated product, H2O2 (8,
13, 17). They can either be generated via activation of oxidases
including Nox (37, 45) or formed in the mitochondria (9, 21).
To delineate these possibilities, we examined the effects of
Ang II on (i) superoxide formation in the cell homogenates as
an index of Nox activity, (ii) H2O2 levels in the cell homoge-
nates, and (iii) mitochondrially derived ROS levels.

Superoxide formation by Ang II via Nox. Analysis of Nox
activity (measured as cellular superoxide generation) showed
that Ang II (10 nM) stimulates superoxide formation by *3.5-
fold compared with untreated controls (Fig. 2B). Both VAS-
2870 (20 lM), a recently reported specific inhibitor of Nox (43),
and losartan (10 lM), an AT1R-specific competitive antago-
nist, blocked the increase in Nox activity (Fig. 2C). These
findings suggest that Ang II induces superoxide formation via
AT1R-dependent activation of Nox.

Nox-dependent H2O2 generation by Ang II. H2O2 levels
in cell homogenates were determined spectrophotometrically
by monitoring catalase-inhibitable oxidation of Amplex Red.
In un-stimulated cells, low levels of H2O2 were detected
(0.59 – 0.01 nmol/mg). Ang II increased H2O2 levels in a dose-
dependent manner with a maximum increase (*2.8-fold)
seen at a 10 nM concentration (Fig. 2D). Ang II (10 nM)-
induced increase in H2O2 levels is time-dependent. Significant
increases in H2O2 levels were seen only after 3 h of treatment
(*2-fold; Fig. 2E) and increased further (*3-fold) with 6 h
incubation. Pretreatment with either Nox inhibitor (VAS-
2870) or H2O2 scavenger (PEG-catalase, 350 U/ml) or AT1R
antagonist (losartan) effectively prevented Ang II-induced
elevation of H2O2 levels (Fig. 2F).

Nox-dependent mitochondrial ROS generation by Ang
II. To assess whether mitochondria contributes to Ang II-
induced ROS generation in H295R cells, we employed two
approaches; in one of them, we monitored Ang II-induced
changes in MitoSOX Red fluorescence in live cells and in the
other, we measured aconitase activity in the mitochondria-
enriched fraction. The activity of aconitase has been reported
to be sensitive and inversely related to ROS levels [Supple-
mentary Ref. (1)].

In the first set of experiments, cells were loaded with
MitoSOX Red (2.5 lM) before treatment with either vehicle
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or Ang II (10 nM) or antimycin A (100 lM) for 40 min. Ang II
had no significant effect on MitoSOX Red fluorescence,
whereas antimycin A, which induces ROS in the mitochon-
dria via inhibition of complex III, produced a robust increase
in fluorescence (positive control; Supplementary Fig. S3A)
compared with untreated control.

In the second set of experiments, aconitase activity in the
mitochondria-enriched fraction was determined. In control
cells, the aconitase activity was found to be 1.7 – 0.2 lmoles/
min/mg. Treatment with Ang II (10 nM) for 1 h was without
any effect, whereas a significant decrease in aconitase activity
was seen after 3 and 6 h of Ang II treatment (*25% and *50%
inhibition, respectively; Supplementary Fig. S3B). Moreover,
Ang II-induced reduction in aconitase activity was prevented
by VAS-2870, a potent inhibitor of Nox, manganese (III) tet-
rakis (1-methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP)
(which traps superoxide), and losartan (AT1R antagonist)
(Supplementary Fig. S3C).

AT1R-dependent Nox-derived H2O2 mediates
upregulation of CYP11B2 by Ang II

The results just mentioned suggest that Ang II facilitates an
initial AT1R-Nox-dependent formation of H2O2 (via dis-
mutation of superoxide), which significantly accumulates
after 3 h treatment paralleling with Ang II-induced time-
dependent changes in CYP11B2 activity (Fig. 1D) and mi-
tochondrially derived ROS (as evidenced by decrease in
aconitase activity; Supplementary Fig. S3B). We, therefore,
tested the effects of inhibitors of the pathway just mentioned
on Ang II-induced increase in aldosterone synthesis. Pre-
treatment of cells with antioxidants (N-acetyl cysteine [NAC],
an antioxidant/precursor of glutathione; MnTMPyP, which
traps superoxide anion) or H2O2 scavenger (PEG-catalase) or
Nox inhibitor (VAS-2870) or AT1R antagonist (losartan)
drastically reduced not only an Ang II-induced increase in
DCFDA fluorescence (Fig. 3A; Supplementary Fig. S4) but

FIG. 2. Induction of ROS generation in H295R cells by Ang II. Cells, grown in an eight-well glass slide chamber, were
loaded with DCFDA (5 lM for 30 min) and then treated with either Ang II (1, 10, and 100 nM) or vehicle (CON) for various
periods. Ang II-induced changes in DCFDA fluorescence was monitored by fluorescence microscopy. Concentration-
dependent Ang II-induced changes in DCFDA fluorescence (A) and superoxide formation (B) are shown. Effects of VAS-2870
(20 lM; a Nox-specific inhibitor) and losartan (10 lM, an AT1R-specific antagonist) on Ang II (10 nM for 6 h)-dependent
superoxide formation (C), concentration- (D), and time (E)-dependent Ang II (10 nM)-induced changes in H2O2 levels. Effects
of VAS-2870 (20 lM), PEG-catalase (PEG-Cat, 350 U/ml), and losartan (10 lM) on Ang II (10 nM for 6 h)-dependent H2O2

formation (F) are shown. The incubation time for DCFDA fluorescence and superoxide/H2O2 measurements was 1 and 6 h,
respectively. The DCFDA fluorescence intensity was calculated from four different fields, and the data are expressed as fold
increase of control (CON = 1). Superoxide and H2O2 generation was measured spectrophotometrically by monitoring SOD
(2000 U/ml)-inhibitable, NADPH-dependent oxidation of cytochrome C (80 lM) and catalase-inhibitable oxidation of
Amplex Red (100 lM) to resorufin, respectively, as described in Materials and Methods section. Results derived from six
independent experiments are presented as mean – SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. AT1R, angiotensin II type I
receptor; DCFDA, 6-Carboxy- 2¢,7¢-dichlorodihydrofluorescein diacetate; Nox, NADPH oxidase; ROS, reactive oxygen spe-
cies; SOD, superoxide dismutase.
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also the increase in CYP11B2 activity (Fig. 3B), aldosterone
levels (Fig. 3C), CYP11B2 mRNA (Fig. 4A), and protein ex-
pression (Fig. 4B; Supplementary Fig. S1) evoked by Ang II.
Neither Nox inhibitors nor antioxidants affected CYP11B2
activity and aldosterone levels in the control cells (data not
shown).

On the other hand, allopurinol, an inhibitor of xanthine
oxidase (another source of cytosolic ROS), had no significant

FIG. 3. Effects of antioxidants, inhibitors of Nox, NOS,
and PLC and AT1R antagonist on Ang II-induced elevation
of ROS, CYP11B2 activity, and aldosterone levels in hu-
man H295R cells. Cells were treated with Ang II (10 nM for
6 h) in the absence (vehicle) and presence of either antioxi-
dants (NAC, 200 lM; MnTMPyP, 100 lM), or H2O2 scaven-
ger (PEG-Cat, 350 U/ml) or Nox inhibitor (VAS-2870, 20 lM)
or NOS inhibitor (L-NAME, 10 lM) or PLC inhibitor and its
inactive analog (U73122 and U73343, respectively, 10 lM
each) or AT1R antagonist (losartan, 10 lM). Cells not treated
with Ang II served as CON. Changes in DCFDA fluores-
cence (A), CYP11B2 activity in the homogenates (B), and
aldosterone levels in the culture medium (C) are shown.
Results derived from six independent experiments are pre-
sented as mean – SEM. ** and ##p < 0.01 and ***p < 0.001. Ei-
ther ** or *** denotes a significant difference between the
control and Ang II treated samples. ## denotes a significant
difference between Ang II and Ang II + drug-treated sam-
ples. L-NAME, L-NG-Nitroarginine methyl ester; MnTMPyP,
manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin
pentachloride; NAC, N-acetyl cysteine; PLC, phospholipase
C; NOS, nitric oxide synthase.

FIG. 4. Effects of antioxidants, Nox inhibitor, H2O2

scavenger, and AT1R antagonist on Ang II-induced chan-
ges in CYP11B2 mRNA and protein expression in H295R
cells. Cells were treated with Ang II (10 nM for 6 h) in the
absence and presence of either antioxidant (NAC, 200 lM) or
H2O2 scavenger (PEG-Cat, 350 U/ml) or Nox inhibitor (VAS-
2870, 20 lM) or losartan (10 lM). Cells not treated with Ang
II were used as CON. Cell lysates were analyzed for
CYP11B2 mRNA expression by real-time PCR (A), and
CYP11B2 protein expression was analyzed by western blot
analysis (B). The protein and mRNA expression were nor-
malized using b-actin and 18S, respectively. Results derived
from six independent experiments are presented as mean –
SEM. ** and ##p < 0.01. ** denotes a significant difference
between the control and Ang II treated samples. ## denotes a
significant difference between Ang II and Ang II + drug-
treated samples.

ROS SIGNALING IN ANG II-INDUCED ACTIVATION OF CYP11B2 449

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4176&iName=master.img-002.jpg&w=239&h=432
http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4176&iName=master.img-003.jpg&w=238&h=395


effect on DCFDA fluorescence in Ang II-treated cells (data
not shown). Likewise, L-NG-Nitroarginine methyl ester (L-
NAME), an inhibitor of nitric oxide synthase (NOS; another
putative source of ROS), was without any significant effect on
the increase in ROS, CYP11B2 activity, and aldosterone levels
facilitated by Ang II (Fig. 3).

Next, we examined the possible role of phopholipase C
(PLC), a well-known upstream effector of AT1R-mediated
activation of protein kinase C (PKC, via diacylglycerol
[DAG])-Nox pathway in Ang II-induced facilitation of aldo-
sterone synthesis. PLC inhibitor (U73122, 10 lM) but not its
inactive analog (U73343; 10 lM) markedly attenuated the in-
crease in DCFDA fluorescence (Fig. 3A; Supplementary Fig.
S4), CYP11B2 activity (Fig. 3B), and aldosterone levels (Fig.
3C) by Ang II. Likewise, PKC inhibitor (bisindolylmaleimide
[BIS], 10 lM) also blocked an Ang II–induced increase in ROS
(Supplementary Fig. S4).

Role of Nox2-derived H2O2 in Ang II-induced nuclear
receptor related 1 protein expression

In vitro studies have shown that regulation of hCYP11B2 by
Ang II is mediated in part by up-regulation of orphan nuclear
receptors nuclear receptor related 1 protein (Nurr1) and
NGF1-B, members of the neuronal growth factor-induced
clone B (NGFI-B) family of transcription factors that bind to
NBRE-1 and Ad5 cis-elements (28, 29, 38). Therefore, we ex-
amined whether Nox-derived H2O2 contributes to Ang II-
induced changes in Nurr1 expression in H295R cells. Nurr1
expression was examined in the cytosolic and nuclear-
enriched fractions isolated from control and Ang II-treated
cells by western blot analysis. As shown in Figure 5, Ang II
(10 nM) induced a nearly threefold increase in Nurr1 expres-

sion in the cytosolic fraction (Fig. 5A), whereas a twofold in-
crease was seen in the nuclear-enriched fraction (Fig. 5B).
Pretreatment with either AT1R antagonist (losartan) or Nox in-
hibitor (VAS-2870) or H2O2 scavenger (PEG-catalase) prevented
this facilitatory effect of Ang II on Nurr1 expression seen in the
cytosolic (Fig. 5A) and nuclear-enriched fractions (Fig. 5B).

Evidence for the involvement of multiple Nox isoforms
in Ang II-induced aldosterone synthesis

The increase in superoxide formation via Nox activity as
observed in Ang II-treated H295R cells may arise from one or
more Nox isoforms that include Nox1, Nox2/gp91phox, Nox4,
and Nox5 as well as DUOX1 and 2 (12). To begin to delineate
the relative contribution of various Nox isoforms to the regu-
lation of aldosterone synthesis by Ang II in H295R cells, we first
determined the expression of Nox isoforms in this cell line and
then assessed the effect of Ang II on Nox expression. Real-time-
polymerase chain reaction (PCR) analysis showed that Nox1,
Nox2/gp91phox, Nox4, and Nox5 isoforms as well as Duox1 are
expressed in H295R cells; Nox4 occurred at a higher abundance
than Nox2 and Nox1. Stimulation of cells with Ang II (10 nM
for 6 h) increased Nox1 and Nox2 mRNA by*2.7-fold each and
Nox4 mRNA by *1.7-fold compared with control cells and
pretreatment with losartan ameliorated these effects; how-
ever, Ang II had no effect on Nox5 and Duox1 mRNA expres-
sion (Fig. 6A). Western blot analysis showed that Nox1, Nox2,
and Nox4 protein levels are also elevated by Ang II treatment
compared with controls; a greater increase was seen with Nox4
and Nox2 than with Nox1 (Fig. 6B).

To delineate the relative contribution of Nox isoforms to
Ang II-induced aldosterone synthesis, we used the siRNA
approach to silence individual Nox isoforms. Cells transfected

FIG. 5. Analysis of Ang II-induced changes in Nurr1 expression in H295R cells. Cells were treated with Ang II (10 nM for
6 h) in either the absence or presence of H2O2 scavenger (PEG-Cat, 350 U/ml), Nox inhibitor (VAS-2870, 20 lM) and AT1R
antagonist (losartan, 10 lM). Cells not treated with Ang II were used as CON. Nuclear and cytosolic fractions were isolated
by differential centrifugation of cell homogenates as described in Materials and Methods section. Changes in Nurr1 protein
expression in the cytosolic (A) and nuclear (B) fractions of H295R cells as assessed by western blot are shown. Nurr1
expression in the cytosol and nucleus was normalized based on the expression level of b-actin and TATA binding protein
(TBP), respectively. Results derived from six independent experiments are presented as mean – SEM. ** and ##p < 0.01. **
denotes a significant difference between the control and Ang II treated samples. ## denotes a significant difference between
Ang II and Ang II + drug-treated samples. Nurr1, nuclear receptor related 1 protein.
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with siRNA specific to Nox1, 2, and 4 showed significantly
reduced expression of corresponding proteins (Fig. 6C). Fur-
thermore, deficiency in Nox isoforms resulted in the attenu-
ation of Ang II-induced increases in superoxide formation
(Fig. 6D), DCFDA fluorescence (Fig. 7A), CYP11B2 activity
(Fig. 7B), and aldosterone production (Fig. 7C). However, the
magnitude of the decrease differs among various Nox iso-
forms examined. Thus, a greater attenuation of Ang II-
induced responses was observed with Nox2 deficiency than
that of either Nox4 or Nox1 (Fig. 7).

Exogenous H2O2 increases CYP11B2 activity
and aldosterone production

Thus far, the results just presented suggest that H2O2

derived from Ang II-mediated activation of Nox contrib-

utes to aldosterone synthesis. To assess the direct effect of
H2O2 on aldosterone synthesis, H295R cells were treated
with increasing concentrations of H2O2 (10, 50 and 100 lM)
for 6 h at 37�C. H2O2, in a concentration-dependent man-
ner, increased DCFDA fluorescence (Supplementary Fig.
S5A, B), and CYP11B2 activity with a maximum response
elicited at a 50 lM concentration (Fig. 8A). H2O2 (50 lM)-
induced increase in CYP11B2 activity was in part due to
increases in CYP11B2 mRNA (*6.2-fold; Fig. 8B) and
protein expression (Supplementary Fig. S6). Moreover,
H2O2-treated cells showed a robust up regulation of Nurr1-
like immunoreactivity in the cytosolic and nuclear-enriched
fractions (Fig. 8C, D). In cells pretreated with PEG-catalase
(350 U/ml), the H2O2-induced effects were either absent or
markedly attenuated (Fig. 8B–D and Supplementary Figs.
S5B, right panel and S6).

FIG. 6. Ang II-induced alterations of Nox isoform expression in H295R cells. Cells treated with Ang II (10 nM for 6 h) in
the absence and presence of AT1R antagonist (losartan, 10 lM) were analyzed for Nox isoform mRNA expression by real-time
PCR (A), and protein expression was analyzed by western blot analysis (B). Cells not treated with Ang II were used as CON.
Effects of transfection of siRNA of mock and specific Nox isoforms on corresponding Nox protein expression (C) and super-
oxide formation in H295R cells (D) are presented. The protein and mRNA data were normalized using b-actin and 18S,
respectively. Superoxide was measured in cell homogenates spectrophotometrically by monitoring SOD (2000 U/ml)-
inhibitable, NADPH-dependent oxidation of cytochrome C (80 lM). Results derived from six independent experiments are
presented as mean – SEM. * and #p < 0.05; ** and ##p < 0.01. * and ** denote a significant difference between the control and Ang II
treated samples. # and ## denote a significant difference between Ang II and Ang II + drug-treated samples. Los, losartan.
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Studies in rat adrenal cortex

The described studies just mentioned showed that Ang II
increases aldosterone production in H295R cells via mecha-
nisms involving activation of Nox-derived H2O2 signaling
pathways. In order to test the validity of these cell line-derived
findings in rodent tissues, we examined the effects of Ang II on

aldosterone synthesis in vitro in rat adrenal cortical slices con-
taining zona glomerulosa, a major site of aldosterone synthesis.
Exposure of adrenal cortical sections to Ang II increased
DCFDA fluorescence (Supplementary Fig. S7A), CYP11B2 ac-
tivity (Fig. 9A; Supplementary Fig. S8A), CYP11B2 mRNA (Fig.
9B), CYP11B2 protein (Supplementary Fig. S7B), indices of ROS
generation, including malondialdehyde (MDA; Fig. 9C) and
protein carbonyl (Fig. 9D) levels, superoxide formation via Nox
activity (Fig. 9E), and H2O2 levels (Fig. 9F; Supplementary Fig.
S8B) in a concentration- and time-dependent manner. Unlike in
H295R cells, a 10-fold higher concentration of Ang II was re-
quired to elicit a maximum increase in these variables.

Rat adrenal cortex expresses Nox1, Nox2, and Nox4
mRNAs, whereas Nox5, DUOX1, and 2 mRNAs are not de-
tected. Similar to H295R cells, Ang II upregulated Nox2 and
Nox4 but not Nox1 mRNA expression in the rat adrenal
cortex, and losartan abolished this effect (Fig. 10A). Pre-
treatment of adrenal cortex with either antioxidants (NAC
and MnTMPyP) or H2O2 scavenger (PEG-catalase) or Nox
inhibitor (VAS-2870) or PLC inhibitor (U73122) or PKC in-
hibitor (BIS) either prevented or significantly attenuated
Ang II-evoked elevation of MDA levels and CYP11B2 ac-
tivity, whereas NOS inhibitor (L-NAME) was without any
significant effect (Fig. 10B, C).

Discussion

The overall goal of the present study was to determine
whether the regulation of aldosterone synthesis by Ang II
involves ROS signaling and to identify the underlying
mechanisms. Our results demonstrate that Ang II-induced
aldosterone production in adrenal cortical cells is mediated by
Nox-derived H2O2 and the ensuing transcriptional and
translational activation of CYP11B2.

Ang II increases ROS generation
in adrenal cortical cells

Our data showed that Ang II increases DCFDA fluores-
cence, MDA, and protein carbonyl levels in human H295R
cells and rat adrenal cortex in a concentration- and time-
dependent manner involving AT1R activation. These results
along with our findings of higher levels of superoxide for-
mation via Nox activation and increased H2O2 levels in Ang II
treated cells compared with control cells suggest that Ang II
induces a rise in ROS comprising both superoxide and its
dismutated product, H2O2 in adrenal cortical cells.

The agonist-evoked ROS elevation could be due to either an
increase in ROS synthesis via upregulation of ROS-generating
enzymes or a reduction in ROS degradation via down regula-
tion of antioxidant enzymes. Nox family (15), xanthine oxidase,
and uncoupled eNOS contribute to ROS production (10),
whereas ROS degradation is mediated by antioxidant enzymes
that include superoxide dismutase 1 and 2 (SOD-1 and SOD-2),
catalase, and glutathione peroxidase. Ang II is shown to facil-
itate ROS generation in cardiac fibroblasts (23), vascular
smooth muscle cells (45), adventitial cells (40), and renal me-
sangial (19) cells. On the other hand, other studies showed that
Ang II selectively reduces the activity and expression of cata-
lase in cardiac fibroblasts (51) and that of Mn-SOD in aortic
fibroblasts without impairing the activities of other antioxidant
enzymes (23). The studies just mentioned suggest that de-
pending on the cell type, Ang II can either facilitate ROS

FIG. 7. Differential effects of siRNA silencing of Nox
isoforms on Ang II-induced changes in ROS, CYP11B2
activity, and aldosterone production in H295R cells. Cells
transfected with either mock or Nox1 or Nox2/gp91phox or
Nox4 siRNA were treated with Ang II (10 nM for 6 h) or
vehicle (CON). Live cells, cell lysates, and culture medium
were analyzed for DCFDA fluorescence (A), CYP11B2 ac-
tivity (B), and aldosterone levels (C). Results derived from
six independent experiments are presented as mean – SEM.
*p < 0.05 and **p < 0.01.
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production or attenuate ROS degradation contributing to ele-
vated cellular ROS levels. Our results showed that Ang II in-
creases superoxide generating Nox activity, and Nox inhibitors
prevented Ang II-induced increase in ROS levels, suggesting
that Ang II facilitates ROS generation. Interestingly, pretreat-
ment with PEG-catalase, which degrades ROS, prevented Ang
II-mediated increase in ROS levels. These findings raise the
possibility that additional mechanisms involving a possible
reduction in the antioxidant capacity of adrenal cortical cells
may contribute to Ang II-induced raise in ROS levels.

Involvement of ROS signaling in Ang II-mediated
aldosterone synthesis

A novel finding of the present study is that Ang II-induced
aldosterone synthesis in adrenal cortical cells involves activa-

tion of ROS signaling pathways. Although it is well established
that Ang II elevates ROS levels in several cell lines (12, 15) and
that it stimulates aldosterone synthesis via activation of AT1R-
mediated signaling pathways (1, 2), the possible involvement
of ROS in Ang II-mediated aldosterone synthesis has not been
directly examined. Several lines of evidence from this study
suggest that induction of ROS signaling via AT1R activation
contributes to Ang II-evoked aldosterone synthesis. These
include (i) Ang II increased the activity and expression of
CYP11B2, the rate-limiting enzyme in aldosterone biosynthetic
pathway with a concomitant elevation in superoxide genera-
tion via Nox activity and H2O2 levels via dismutation of
superoxide; (ii) AT1R antagonist prevented not only Ang II-
mediated activation of CYP11B2 but also the rise in superoxide
and H2O2 levels, and (iii) Antioxidants, Nox inhibitor, and
H2O2 scavenger, which prevented the rise in superoxide and

FIG. 8. Effects of exoge-
nous H2O2 on CYP11B2 ac-
tivity and mRNA expression
and Nurr1 expression in
H295R cells. Cells were trea-
ted with H2O2 in the absence
and presence of H2O2 scav-
enger (PEG-Cat, 350 U/ml)
for 6 h at 37�C. Cells not
treated with H2O2 served as
CON. Cell lysates were ana-
lyzed for CYP11B2 activity
(A) and CYP11B2 mRNA ex-
pression (B). Nurr1 protein
expression in the cytosolic (C)
and nuclear (D) fractions of
H295R cells is shown. Nurr1
expression in the cytosol and
nucleus was normalized
based on the expression level
of b-actin and TBP, respec-
tively. Results derived from six
independent experiments are
presented as mean – SEM. **
and ##p < 0.01; n.s., not signifi-
cant. ** denotes a significant
difference between the control
and H2O2 treated samples. ##
denotes a significant difference
between H2O2 and H2O2 +
drug-treated samples.
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H2O2 levels also markedly attenuated Ang II-induced increases
in the activity and expression of CYP11B2 and aldosterone
levels. Collectively, these correlative observations suggest that
superoxide/H2O2 signaling contributes to Ang II-mediated up
regulation of CYP11B2 transcription, translation, and activity
as well as the ensuing aldosterone production.

Evidence for the role of Nox-derived
H2O2 in Ang II-induced aldosterone synthesis

ROS including superoxide and hydrogen peroxide have
been identified as important signaling molecules in biological
systems. The activation of oxidases, especially that of Noxs,

FIG. 9. Ang II-induced changes in CYP11B2 activity and
mRNA expression and ROS levels in rat adrenal cortex. Rat
adrenal cortical slices treated with increasing concentrations of
Ang II (10, 100, and 1000 nM for 6 h) were analyzed for
CYP11B2 activity (A), CYP11B2 mRNA (B), and MDA levels as
assessed by T-BARS assay (C), protein carbonyl levels (D),
superoxide formation (E), and H2O2 levels (F). Slices not trea-
ted with Ang II served as CON. Superoxide and H2O2 gener-
ation was measured spectrophotometrically by monitoring
SOD (2000 U/ml)-inhibitable, NADPH-dependent oxidation
of cytochrome C (80 lM) and catalase-inhibitable, oxidation
of Amplex Red (100 lM) to resorufin, respectively, as described
in Materials and Methods section. Results derived from six
independent experiments are presented as mean – SEM. ** and
##p < 0.01. ** denotes a significant difference between the con-
trol and Ang II treated adrenal cortical slices. ## denotes a
significant difference between Ang II and Ang II + drug-treated
adrenal cortical slices. MDA, malondialdehyde.

FIG. 10. Differential induction of Nox isoforms by Ang II
and effects of inhibitors of AT1R-PLC-PKC-Nox pathway
on Ang II-induced changes in ROS and CYP11B2 activity
in rat adrenal cortical slices. The changes in Nox1, Nox2, and
Nox4 mRNA expression (A) are shown. Comparison of the
effects of antioxidants (NAC, 200 lM and MnTMPyP,
100 lM), H2O2 scavenger (PEG-Cat, 350 U/ml), inhibitor of
Nox (VAS-2870, 20 lM), NOS (L-NAME, 10 lM), PLC
(U73122, 10 lM) and PKC (BIS, 10 lM), and AT1R antagonist
(losartan, 10 lM) on Ang II (100 nM for 6 h)-induced changes
in MDA levels (B) and CYP11B2 activity (C) are shown.
Results derived from six independent experiments are pre-
sented as mean – SEM. ** and ##p < 0.01, and n.s., not signif-
icant. ** denotes a significant difference between the control
and Ang II treated adrenal cortical slices. ## denotes a sig-
nificant difference between Ang II and Ang II + drug-treated
adrenal cortical slices. PKC, protein kinase C; BIS, bisindo-
lylmaleimide.
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which are a family of seven widely distributed enzymes,
generate superoxide (12). We found that human H295R cells
and rat adrenal cortex express both inducible (Nox1 and
Nox2) and constitutively active (Nox4) Nox isoforms. Ad-
ditionally, H295R cells also express Nox5 and DUOX1. Ang II
treatment induced a *3-fold increase in Nox activity in
H295R cells and adrenal cortical cells, which is consistent with
an earlier report in rat aorta wherein Ang II is shown to in-
crease Nox activity (35). The increase in Nox activity by Ang II
in H295R cells seems to occur primarily via up regulation
of Nox1, Nox2, and Nox4 mRNA and protein expression
whereas it occurs in rat adrenal cortical cells via elevation of
Nox2 and Nox4 mRNAs. Since losartan prevented this re-
sponse, it is likely that signaling pathways activated by AT1R
are required for increased Nox expression and activation.
AT1R is known to activate PLC-DAG-PKC signaling in sev-
eral cell types. The finding that inhibitors of both PLC and
PKC prevented Ang II-induced elevation in ROS (as evi-
denced by DCFDA fluorescence) suggests that AT1R-PLC-
PKC signaling contributes to activation and upregulation of
Nox isoforms and the ensuing ROS generation in adrenal
cortical cells.

It is conceivable that Nox-derived H2O2 may mediate the
increase in CYP11B2 activity by Ang II. Such a possibility is
supported by the followings findings: (i) Ang II-induced in-
crease in DCFDA fluorescence in H295R cells could be de-
tected as early as 10 min after Ang II treatment and was
prevented by Nox inhibitor (VAS-2870). (ii) The increase in
the steady-state level of H2O2 was discernible only after 3 h of
Ang II exposure. Nox inhibitor and PEG-catalase, which
metabolize H2O2, attenuated Ang II-induced rise in H2O2. (iii)
Ang II-mediated increases in CYP11B2 activity, mRNA and
protein expression, and aldosterone production were mark-
edly attenuated by both Nox inhibitor and PEG-catalase. (iv)
Exogenous H2O2 dose-dependently augmented CYP11B2
activity, protein, and mRNA in H295R cells as well as rat
adrenal cortical cells, and these effects were markedly atten-
uated by PEG-catalase. Interestingly, a significant increase in
H2O2 levels was seen only after 3 h of exposure to Ang II,
coinciding with Ang II-induced rise in aldosterone levels and
CYP11B2 activity (which are not evident at earlier time points).
It is, therefore, conceivable that Nox1, 2, and 4-dependent in-
crease in superoxide either via enzyme activation or increased
expression facilitates a sustained increase in the steady-state
levels of H2O2, which after reaching a threshold level in-
creases aldosterone synthesis.

We found that mitochondrial aconitase activity, which is a
sensitive measure of mitochondrial ROS levels, is significantly
reduced only after 3 h treatment with Ang II, suggesting that
ROS levels in the mitochondria are also elevated by Ang II.
Given that significant increases in H2O2 levels, CYP11B2 ac-
tivity, and aldosterone levels are also seen after 3 h, it is likely
that mitochondria-derived ROS also contributes to Ang II-
induced aldosterone synthesis. Notably, allopurinol, an in-
hibitor of xanthine oxidase, and L-NAME, an NOS inhibitor,
showed no significant effect on either ROS levels or aldoste-
rone production in Ang II-treated cells. Therefore, it is likely
that the contribution of ROS derived from either xanthine
oxidase or NOS to aldosterone synthesis by Ang II is rather
negligible. Collectively, our results lend support to the in-
volvement of H2O2 derived from Nox1, 2, and 4 and also from
mitochondria in the regulation of aldosterone synthesis by

Ang II. However, the mechanism(s) by which Ang II activates
various Nox isoforms and induces mitochondrial ROS in
adrenal cortical cells remains to be established. It is also
possible that a positive feed forward mechanism involving
interactions between either Nox2 or Nox4 with CYP11B2,
which is a cytochrome P450 enzyme, may contribute to ROS
generation by Ang II in adrenocortical cells, similar to that
recently reported (11).

The signaling pathways associated with the transcriptional
regulation of CYP11B2 by Ang II via AT1R have been well
documented (27). These pathways include PLC-Gq/11 (2), src
family of tyrosine kinase (41), and the 12-lipoxygenase path-
way (16) and converge on the synthesis of Nurr1 and NGF1-B
family of transcription factors to facilitate CYP11B2 expres-
sion (28, 29, 38). Among them, the PLC pathway is also cou-
pled to Nox activation via activation of PKC (12). Losartan and
inhibitors of PLC and PKC blocked Ang II-induced generation
of superoxide, suggesting that AT1R-PLC-PKC signaling
contributes to Nox-derived H2O2 formation in adrenal cortical
cells. Since H2O2 stimulated Nurr1 protein expression in
H295R cells and PEG-catalase inhibited these effects, it is
conceivable that by directly stimulating Nurr1 expression,
Nox-derived H2O2 facilitates the transcription and translation
of CYP11B2 and the ensuing aldosterone synthesis, a possi-
bility that remains to be investigated.

In summary, we present evidence for the involvement of
AT1R-dependent, Nox-derived H2O2 signaling in Ang II-
mediated augmentation of CYP11B2 activity and aldosterone
production in the human and rat adrenal cortical cells (Fig.
11). Available information suggests that 20%–30% of adult
populations are affected by hypertension (20, 30). Ang II is an
important component of the renin-angiotensin-aldosterone-
system (RAAS), which is a major regulator of blood pressure.
Our finding that Nox-derived H2O2 mediates Ang II-induced
aldosterone synthesis provides new insights into the regu-
latory mechanisms of the RAAS. This newly identified
functional link between Ang II, AT1R, Nox-derived H2O2,
CYP11B2 activity, and aldosterone production will aid in the
development of antioxidant-based combination therapy for
the treatment of excessive aldosterone-dependent systemic
arterial hypertension.

Materials and Methods

Cell cultures

H295R human adrenocortical tumor cells were obtained
from the American Type Culture Collection. Cells were cul-
tured in DME/Ham’s F-12 medium supplemented with 2.5%
Nu-Serum I, 1% ITS/Premix, 1% penicillin/streptomycin,
and 0.01% gentamycin. Cells were maintained and grown on

FIG. 11. Proposed model of Nox-derived H2O2 in Ang II-
induced aldosterone synthesis in adrenal cortical cells.
Upward arrows denote an increase. ETC, electron transport
chain; H2O2, hydrogen peroxide; O2

. - , superoxide anion.
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75-cm2 flasks in a humidified atmosphere of 5% CO2 at 37�C.
Experiments were performed on cells grown to *80%–90%
confluence between passages 7 and 11. Before treatment with
various reagents (for 30 min), the cells were grown in serum-
and antibiotic-free medium for 16 h.

Animals

The Institutional Animal Care and Use Committee of the
University of Chicago approved animal handling and exper-
imental protocols. The studies were performed on adult, male
Sprague-Dawley rats weighing 200–250 g. Animal were
housed two per cage in a temperature-controlled room on a
12-h light/dark cycle (6AM/6PM) and were given food and
water ad libitum. Adrenal glands from anesthetized rats were
harvested, and adrenal cortical layers containing zona glo-
merulosa were dissected and stored at - 80�C until further
analysis.

Extraction and enzyme immunoassay of aldosterone

Aldosterone, released into the culture medium or formed
during in vitro enzymatic reactions, was determined using an
aldosterone specific EIA kit (Cayman Chemical Company) as
per the manufacturer’s instructions. The detection limit of the
enzyme immunoassay (EIA) for aldosterone was 20 pg/ml.

CYP11B2 assay

CYP11B2 activity was assayed using the procedure as
previously described (36). Briefly, either H295R cells or ad-
renal cortical slices were homogenized in 100 ll of 50 mM Tris-
HCl, pH 7.4 (assay buffer) containing protease inhibitor
cocktail (Calbiochem). The reaction mixture containing 20 lg
protein equivalent of tissue or cell-free extract, 10 ll assay
buffer, and 20 ll substrate mix (2.5 · NADPH Regeneration
Solution A, 2.5 · NADPH Regeneration Solution B and 1 lM
11-deoxycorticosterone) was incubated at 25�C for 4 h. The
aldosterone formed during the reaction was determined by
EIA as just described. CYP11B2 activity was expressed as the
amount of aldosterone formed per hour per milligram pro-
tein. Protein concentration was determined using a Bio-Rad
Protein Assay Kit.

Nox assay

To assess Nox activity, cellular superoxide formation was
measured spectrophotometrically using the procedure as
previously described (7). NADPH (200 lM)-dependent oxi-
dation of cytochrome C (80 lM) in either the absence or
presence of SOD (2000 U/ml) was monitored at 550 nm
for 5 min. Nox activity was expressed as nmoles of SOD-
inhibitable reduced cytochrome C (e550nm = 21 mM - 1.cm - 1)
formed per minute per milligram protein. The specificity of
the assay was assessed using VAS-2870 (a potent inhibitor of
Nox activity) as well as apocynin, which was recently iden-
tified as an antioxidant rather than a Nox inhibitor (18).

Real-time PCR

Real-time PCR was performed using a MiniOpticon system
(Bio-Rad) with SYBR GreenER two-step quantitative RT-PCR
kit (Invitrogen) as previously described (32). The primer se-
quences used for real-time PCR analysis of 18S, CYP11B2,

Nox1, Nox2, Nox4, Nox5, and Duox1 in human and rat adrenal
cortical cells are shown in Supplementary Table S1. The
changes in mRNA expression of various genes were calcu-
lated using the comparative threshold (CT) method. Values
were compared with an internal standard gene 18S.

Knockdown of gp91phox in H295R cells

In order to knock down Nox1, Nox2/gp91phox, and Nox4,
siRNAs against human Nox1, 2, and 4 were commercially
purchased (Santa Cruz Biotechnology), and scramble siRNA
was used as control. H295R cells (5 · 104) were plated in 24-
well plates and transfected with Nox isoform siRNAs using
siRNA transfection reagent according to the manufacturer’s
protocol. After 24 h, the culture medium was replaced with
fresh supplemented medium, and the cells were maintained
for an additional 24 h.

Preparation of nuclear and cytosolic fractions

Nuclear and cytosolic fractions of H295R cells were pre-
pared as previously described (25). Briefly, cells (10 · 106)
were extracted with 10 mM HEPES buffer, pH 7.9 containing
complete protease inhibitor (Roche Diagnostics). Cell lysates
were centrifuged at *450 g for 3 min at 4�C. The resulting
supernatant and the pellet containing the cytosolic and nu-
clear-enriched fractions, respectively, were stored at - 80�C
till further analysis. Before analysis, the pellet containing the
nuclear fraction was solubilized in the extraction buffer.

Western blot analysis

Immunoblot analysis was performed as previously de-
scribed (33). The following antibodies from Santa Cruz Bio-
technology were used: goat anti-Nox1 (1:250), goat anti-Nox-2/
gp91phox (1:500), rabbit anti-Nox4 (1:500), goat anti-CYP11B2
(1:250), and rabbit anti-Nurr1 (1:1000). In addition, for data
normalization, mouse anti-b-actin (1:10,000; Sigma) and
mouse anti-TATA binding protein (TBP; 1:3000; Abcam) an-
tibodies were also used. Either donkey anti-goat (1:4000) or
goat anti-rabbit (1:4000) or goat anti-mouse (1:10,000) horse-
radish peroxidase-conjugated secondary antibody from Santa
Cruz Biotechnology is used. The immunoreactive proteins
were identified using the ECL detection kit from Amersham
Biosciences. As loading controls, the expression levels of ei-
ther b-actin (42-kDa; cytosol) or TBP (38-kDa; nuclear) were
monitored.

Measurement of ROS using DCFDA fluorescence

Ang II-induced ROS generation in H295R cells was moni-
tored by fluorescence microscopy as described in the Sup-
plementary Data.

Measurement of MDA

Adrenal cortical slices were homogenized, and MDA levels
in the homogenates were determined as a measure of lipid
oxidation as previously described (32) and expressed as na-
nomoles per milligram of protein.

Protein carbonyl content

Carbonyl content in proteins was determined using the
procedures as previously described (22). Protein homogenates
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(10–20 lg protein equivalent) were incubated with 2,4-
dinitrophenylhydrazine (DNPH, 10 mM) at room temper-
ature for 1 h with frequent mixing. Excess DNPH in the
reaction medium was extracted with ethanol/ethylacetate
mixture, and the remaining pellet was extracted with gua-
nidine hydrochloride at 37�C. The absorbance of the extract
at 380 nm was measured, and the carbonyl content was
calculated using the molar extinction coefficient of DNP
(e380nm = 22,000 M - 1.cm - 1).

Measurement of H2O2

H2O2 was measured using a commercially available Am-
plex Red assay kit (Molecular Probes) following the manu-
facturer’s instructions (53). Briefly, either the cell lysate
prepared in phosphate buffer or a known amount of H2O2

was incubated in the dark with Amplex Red (100 lM) and
horseradish peroxidase (1 U/ml) in the presence and absence
of catalase (2000 U/ml) for 30 min at room temperature, and
the absorbance of the solution was measured at 560 nm. The
concentration of H2O2 was determined based on the standard
curve related to the concentration of H2O2 and absorbance at
560 nm and expressed as the amount of Amplex Red oxidized
(peroxidase-dependent and catalase inhibitable) per milli-
gram of protein.

Experimental protocols

Series 1. The effects of Ang II (1, 10, and 100 nM) on ROS
levels in human H295R cells and rat adrenal cortical slices were
determined by monitoring the changes in DCFDA fluorescence
and MDA levels, respectively (n = 6 experiments in each
group). In parallel experiments, the effects of antioxidants
(NAC, 200 lM; MnTMPyP, 100 lM), H2O2 scavenger (PEG-
catalase, 350 U/ml), Nox inhibitor (VAS-2870, 20 lM), NOS
inhibitor (L-NAME, 10 lM), PLC inhibitor and its inactive an-
alog (U73122 and U73343, respectively, 10 lM each), PKC (BIS,
10 lM), xanthine oxidase inhibitor (allopurinol, 100 lM), and
AT1R antagonist (losartan, 10 lM) on Ang II-induced changes
in DCFDA fluorescence and MDA levels were determined
(n = 6 experiments in each group). In addition, changes in
DCFDA fluorescence in response to Ang II were examined in
mock, Nox1, Nox2/gp91phox, and Nox4 siRNA transfected
H295R cells (n = 6 experiments in each group).

Series 2. The changes in H2O2 levels were measured in
H295R cells (*5 · 105) treated with either vehicle, Ang II
alone or in the presence of AT1R antagonist (losartan, 10 lM)
or Nox inhibitor (VAS-2870, 20 lM) or H2O2 scavenger (PEG-
catalase, 350 U/ml) (n = 6 experiments in each group).

Series 3. CYP11B2 activity was determined in whole cell
extracts prepared from either mock (control) or Nox1 or Nox2/
gp91phox or Nox4 siRNA transfected H295R cells (*5 · 105) or
rat adrenal cortical slices (n = 6 rats) treated with either Ang II
(1–1000 nM) or vehicle for 6 h at 37�C (n = 6 experiments in each
group). In parallel experiments, the effects of AT1R antagonist,
inhibitors of PLC, PKC, Nox, and NOS and antioxidants on
Ang II-induced changes in CYP11B2 activity and protein ex-
pression were assessed (n = 6 experiments in each group).

Series 4. Aldosterone levels were determined in cell
culture medium of H295R cells (*5 · 105) treated with either

Ang II (1, 10, and 100 nM) or vehicle for 6 h at 37�C (n = 6
experiments in each group). In parallel experiments, the
effects of AT1R antagonist, inhibitors of PLC, PKC, Nox, and
NOS and antioxidants on Ang II-induced changes in
aldosterone levels were assessed (n = 6 experiments in each
group).

Series 5. Nox activity and mRNA and protein levels of
Nox isoforms were determined in H295R cells, adrenal cor-
tical slices, and mock, Nox1, Nox2/gp91phox, and Nox4 siR-
NA transfected H295R cells treated with vehicle or Ang II
(10 nM for 6 h) (n = 6 experiments in each group). The effects of
losartan and Nox inhibitor (VAS-2870, 20 lM) on Nox enzyme
activity were also investigated (n = 6 experiments in each
group).

Series 6. The effects of exogenous H2O2 (10, 50 and
100 lM for 6 h) on CYP11B2 activity, mRNA, and protein
expression as well as on DCFDA fluorescence in untreated
and H2O2 scavenger (PEG-catalase, 350 U/ml for 30 min)-
pretreated H295R cells (*5 · 105) were determined (n = 6 ex-
periments in each group).

Data analysis

In all experiments, the samples were analyzed in triplicate.
All data are expressed as mean – SEM. The statistical signifi-
cance was evaluated by an unpaired t-test. A difference with a
p-value < 0.05 was considered significant.
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Abbreviations used

Ang II¼ angiotensin II
Apo¼ apocynin

AT1R¼ angiotensin II type I receptor
BIS¼ bisindolylmaleimide

CYP11B2¼ aldosterone synthase
DAG¼diacylglycerol
DAPI¼ 4¢, 6-diamidino-2-phenylindole

DCFDA¼ 6-Carboxy-2¢,7¢-dichlorodihydrofluorescein
diacetate

DNPH¼ 2,4-dinitrophenylhydrazine
EIA¼ enzyme immunoassay
ETC¼ electron transport chain

H2O2¼hydrogen peroxide
L-NAME¼L-NG-Nitroarginine methyl ester

MDA¼malondialdehyde
MnTMPyP¼manganese (III) tetrakis (1-methyl-4-pyridyl)

porphyrin pentachloride
NAC¼N-acetyl cysteine

NGFI-B¼neuronal growth factor-induced clone B
NOS¼nitric oxide synthase
Nox¼NADPH oxidase

Nurr1¼nuclear receptor related 1 protein
O2

:� ¼ superoxide anion
PBS¼phosphate-buffered saline
PCR¼polymerase chain reaction

PEG-Cat¼PEG-catalase
PKC¼protein kinase C
PLC¼phospholipase C

RAAS¼ rennin-angiotensin-aldosterone-system
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase
TBP¼TATA binding protein

VAS-2870¼ 3-Benzyl-7-(2-benzoxazolyl)thio-1,2,3-
triazolo(4,5-d)pyrimidine
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