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Abstract
NADPH oxidases are major sources of superoxide (O2

∸) and hydrogen peroxide (H2O2) in vascular
cells. Production of these reactive oxygen species (ROS) is essential for cell proliferation and
differentiation, while ROS overproduction has been implicated in hypertension and atherosclerosis.
It is known that the heme-containing catalytic subunits Nox1 and Nox4 are responsible for oxygen
reduction in vascular smooth muscle cells from large arteries. However, the exact mechanism of
ROS production by NADPH oxidases is not completely understood. We hypothesized that Nox1 and
Nox4 play distinct roles in basal and angiotensin II (AngII)-stimulated production of O2

∸ and
H2O2. Nox1 and Nox4 expression in rat aortic smooth muscle cells (RASMCs) was selectively
reduced by treatment with siNox4 or antisense Nox1 adenovirus. Production of O2

∸ and H2O2 in
intact RASMCs was analyzed by dihydroethidium and Amplex Red assay. Activity of NADPH
oxidases was measured by NADPH-dependent O2

∸ and H2O2 production using electron spin
resonance (ESR) and 1-hydroxy-3-carboxy-pyrrolidine (CPH) in the membrane fraction in the
absence of cytosolic superoxide dismutase. It was found that production of O2

∸ by quiescent RASMC
NADPH oxidases was five times less than H2O2 production. Stimulation of cells with AngII led to
a 2-fold increase of O2

∸ production by NADPH oxidases, with a small 15 to 30% increase in
H2O2 formation. Depletion of Nox4 in RASMC led to diminished basal H2O2 production, but did
not affect O2

∸ or H2O2 production stimulated by AngII. In contrast, depletion of Nox1 in RASMC
inhibited production of O2

∸ and AngII-stimulated H2O2 in the membrane fraction and intact cells.
Our data suggest that Nox4 produces mainly H2O2, while Nox1 generates mostly O2

∸ that is later
converted to H2O2. Therefore, Nox4 is responsible for basal H2O2 production, while O2

∸ production
in non-stimulated and AngII-stimulated cells depends on Nox1. The difference in the products
generated by Nox1 and Nox4 may help to explain the distinct roles of these NADPH oxidases in cell
signaling. These findings also provide important insight into the origin of H2O2 in vascular cells,
and may partially account for the limited pharmacological effect of antioxidant treatments with
O2

∸ scavengers that do not affect H2O2.

INTRODUCTION
During the past decade, it has become apparent that production of superoxide (O2

∸) and
hydrogen peroxide (H2O2) by NADPH oxidases plays a critical role in the genesis of many
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vascular diseases [1,2]. Both of these reactive oxygen species (ROS) serve as second
messengers to activate multiple intracellular signaling pathways [2,3]. Superoxide is one of
the most the important ROS, not only because it rapidly inactivates nitric oxide [4], but also
because it produces many other types of ROS, such as hydrogen peroxide (H2O2) and
peroxynitrite (ONOO−), and stimulates free radical production by releasing ferric ions from
(FeS)4 clusters of proteins such as aconitase [5]. However, a growing body of evidence supports
an important role for H2O2 in cellular redox regulation which may be distinct from the effects
of O2

∸ [3,6,7]. Hydrogen peroxide is involved in two-electron signaling mediated by thiols,
while O2

∸ modulates one-electron redox signaling mediated by iron ions [8]. Hydrogen
peroxide can be produced directly without intermediate O2

∸ by various cellular enzymes such
as xanthine and glucose oxidases [9]. However, the direct H2O2 generation by NADPH
oxidases in normal and pathological conditions remains controversial.

The NADPH oxidases are membrane-associated enzymes that catalyze 1-electron reduction
of oxygen using NADPH as an electron donor. The phagocytic oxidase consists of 4 major
subunits: a plasma membrane spanning cytochrome b558 composed of a large subunit
gp91phox and the smaller p22phox subunit, and 2 cytosolic components p47phox and p67phox
[2]. The low molecular weight G protein Rac1 participates in assembly of the active complex
[2]. Vascular NADPH oxidases are structurally distinct fromthe classic phagocytic NADPH
oxidase. In large arteries, smooth muscle cells lack gp91phox, the catalytic subunit that
transfers electrons from NADPH to molecular oxygen to form O2

∸ [10]. Instead, these cells
express the gp91phox homologues, Nox1 and Nox4 [10,11], the latter of which is also
expressed in endothelial cells [12]. These two enzymes are differentially regulated by growth
factors [10] and during the development and resolution of restenosis [13]. Furthermore, Nox1
and Nox4 are found in distinct intracellular compartments, suggesting that they serve different
functions within the cell [14]. Indeed, Nox1 appears to mediate growth of vascular smooth
muscle cells (VSMC) [15], while Nox4 is involved in VSMC differentiation [16]. Taken
together, these observations suggest that ROS can affect physiological functions localized in
particular compartments of the cell.

In vascular smooth muscle cells, activation of the angiotensin AT1 receptor leads to
phosphorylation of p47phox [17] and Src-mediated Rac1 translocation to the membrane which
result in Nox1 activation in aortic VSMC [18]. Thus, acute stimulation of smooth muscle cells
with Ang II increases primarily Nox1, but not Nox4 activity [10]. In contrast, Nox4 is activated
by transforming growth factor-β (TGF-β) [19], but does not require p47phox or Rac1 subunits
[11] for activation.

Upregulation of NADPH oxidase subunits and increased O2
∸ production by vascular NADPH

oxidases is common in cardiovascular disease. NADPH oxidases are activated by mechanical
forces, hormones and cytokines (reviewed in [3,20]). In particular, the octapeptide angiotensin
II (Ang II) is an important activating stimulus for vascular NADPH oxidases. Ang II is the
major effector hormone of the renin–angiotensin system and has effects in heart, vasculature
and kidney [21]. ROS produced following Ang II-mediated stimulation of NADPH oxidases
signal through pathways such as mitogen-activated protein kinases, tyrosine kinases and
transcription factors, and lead to events such as inflammation, hypertrophy, remodeling and
angiogenesis [22]. We have recently reported that vascular NADPH oxidases may serve a role
of a “master oxidase”, which turns on the production of intracellular ROS by xanthine oxidase,
mitochondria and uncoupled eNOS [23]. Interestingly, NADPH oxidase itself can be
stimulated in a feed-forward fashion [24].

Previously, it has been shown that the phagocytic NADPH oxidase produces primarily O2
∸

[25], which then can be transformed into H2O2 by spontaneous or SOD-catalyzed reactions.
However, the molecular structure of the vascular NADPH oxidases is very different from

Dikalov et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phagocytic NADPH oxidase. The exact mechanism of ROS production by Nox1 and Nox4 is
unclear. It is unknown whether these NADPH oxidases generate only O2

∸ or whether they can
directly produce H2O2. This is an important distinction, because the precise biological roles
of specific Nox proteins may depend on whether they generate O2

∸ or H2O2.

In this work we studied the production of O2
∸ and H2O2 by vascular NADPH oxidases in rat

aortic smooth muscle cells (RASMCs). Depletion of Nox4 in RASMC led to diminished basal
production of H2O2, but did not affect O2

∸ generation. In contrast, depletion of Nox1 inhibited
production of O2

∸ and AngII-stimulated H2O2 in intact cells and the membrane fraction. Our
data suggest that Nox4 produces mainly H2O2, while Nox1 generates mostly O2

∸ that is later
converted to H2O2.

Methods
Reagents

Cyclic hydroxylamine 1-hydroxy-3-carboxy-pyrrolidine (CPH) and nitroxide 3-carboxy-
proxyl (CP) were purchased from Alexis Corporation (San Diego, CA).
Diethylenetriaminepentaacetic acid (DTPA), superoxide dismutase from bovine erythrocyte
(SOD), xanthine and cytochrome c were obtained from Sigma (St. Louis, MO). Xanthine
oxidase was purchased from Roche Molecular Biochemicals (Indianapolis, IN). All other
reagents were obtained from Sigma (St Louis, MO). Amplex Red was purchased from
Invitrogen Corporation (Carlsbad, CA). Rabbit polyclonal antibody anti-Nox4 was a kind gift
from Dr. David Lambeth (Emory University). CPH was dissolved in oxygen-free (bubbled for
20 minutes with argon) 0.9% NaCl with 1 mM DTPA. A stock solution of CPH (10mM) was
kept on ice and prepared daily.

Cell culture
Rat aortic smooth muscle cells (RASMCs) were isolated from rat aortas by enzymatic digestion
as previously described [26]. Cells were grown in Dulbecco's modified Eagle's medium
(DMEM) containing 4.5 g/l glucose, 2 mM glutamine, 100 U/ml penicillin, and 100 µg/ml
streptomycin and supplemented with 10% calf serum. RASMCs were made quiescent by
incubation in culture medium with 0.1% serum for 2-days, and stimulated with 100 nM Ang
II for 4 hours where indicated.

Small interference RNA (siRNA) nox4 silencing experiments
For assessment of the role of Nox4 in ROS production, RASMCs (30–40% confluence) were
treated with siRNA for 4–6 days prior to ROS analysis, as we have described previously
[27]. The annealed siRNA duplexes for nox4 (sense: 5’-
ACUGAGGUACAGCUGGAUGUU-3’, antisense:5’-
CAUCCAGCUGUACCUCAGUUU-3’), and for non-silencing siRNA were purchased from
Ambion. RASMCs were transfected with a final siRNA duplex at a concentration of 15 to 30
nM using Oligofectamine (Invitrogen, Carlsbad, CA, USA) in OPTI-MEM. After 6 hrs, the
medium was replaced with DMEM plus 10% fetal bovine serum. Following transfection, the
cells were treated with Ang II to study regulation of ROS production.

Preparation of recombinant adenoviruses and infection of RASMCs
Antisense Nox1 adenovirus (AdASNox1) was prepared as described previously [10]. RASMCs
were infected for 2 hours with recombinant adenovirus in serum free culture medium, and
incubated for another 4 days in the same medium without virus before harvesting for protein
extraction.
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Preparation of membrane fractions from cultured rat aortic smooth muscle cells (RASMCs)
Membrane samples from RASMCs were prepared as described previously [28,29]. Briefly,
cells were harvested, washed twice with ice-cold PBS, scraped, centrifuged at 400 × g (10
min), and resuspended in 1 ml of lysis buffer (50 mM phosphate (treated for 2 h with 5 g/100
ml Chelex-100 and filtered) containing the protease inhibitors aprotinin (10 µg/ml), leupeptin
(0.5 µg/ml), pepstatin (0.7 µg/ml), and PMSF (0.5 mM) (pH 7.4)). Cells were sonicated (power
3 W, using Microson 2425 from Misonix, Inc.) for 10 s on ice and centrifuged at 28,000 × g
for 15 min at 4°C. The membrane pellet was resuspended in 150 µl of lysis buffer and protein
concentration was measured using the Bradford method.

It is important to note that membrane fractions isolated by this protocol have been extensively
used for measurements of NADPH oxidase activity [28–31]. Neither NO synthases,
mitochondria nor xanthine oxidase contribute to NADPH-stimulated ROS production in these
membrane fraction, while depletion of NADPH oxidases or treatment of tissue with the
NADPH oxidase inhibitor apocynin significantly decreased NADPH-stimulated ROS
production in these fractions [28–32].

Electron Spin Resonance (ESR)
ESR was used to measure O2

∸ and H2O2 production in membrane fractions. ESR methods
were validated in the xanthine oxidase system (Figure 1) which generates both O2

∸ and
H2O2 [33]. It contained xanthine oxidase (2 U/ml), xanthine (0.1 mM), and DTPA (0.2 mM)
in 50 mM sodium phosphate buffer saline (PBS, pH 7.4). Detection of superoxide radical was
confirmed by inhibition of the ESR signal by superoxide dismutase (50 U/ml). Superoxide
production in cell homogenate or membrane fraction was measured in samples containing 10
µg protein, 1 mM CPH, 100 µM NADPH and 0.1 mM DTPA in a total volume of 100 µl of
Chelex-treated PBS.

Production of H2O2 was measured by co-oxidation of CPH in HRP-acetamidophenol (AAP)
reaction. Each molecule of H2O2 forms 2 molecules of CP by two consecutive peroxidase
reactions of compound I and compound II. Detection of H2O2 was confirmed by inhibition
with 50 µg/ml catalase (Figure 1).

To measure production of H2O2 by NADPH oxidases [28] in membrane preparations of
RASMC, ten µg protein was incubated with 50 U/ml SOD, 1 U/ml horseradish peroxidase
(HRP), 1 mM AAP, 100 µM NADPH, 0.2 mM DTPA, and 1 mM CPH in a total volume of
100 µl of Chelex-treated PBS. Catalase-inhibited CP-formation in the sample with HRP and
AAP was equal to the amount of H2O2 [34]. Quantitative measurement of O2

∸ and H2O2 was
confirmed by analysis of ROS production by xanthine and xanthine oxidase in the presence of
membrane fractions.

In order to test the effect of inhibition of Cu,Zn-SOD on superoxide detection, membrane
fractions and cell homogenates (2 mg/ml) were incubated for 15 minutes with 1 mM
diethyldithiocarbamate (DETC) and then samples were diluted to 0.1mg/ml protein for ESR
measurement. This method has been widely used in intact cells, tissue and homogenates in
order to inhibit Cu,Zn-SOD by removing Cu from SOD [35]. In experiments with intact
RASMC, cells were incubated for 30-minutes with 1 mM DETC and then washed before
superoxide detection.

Measurements of xanthine oxidase activity
Activity of xanthine oxidase was determined by measuring oxidation of 50 µM xanthine to
uric acid (295 nm, 11,000 M−1 cm−1) and following the SOD-inhibited reduction of 50 µM
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cytochrome c (550 nm, 21,000 M−1 cm−1) using a Shimadzu UV2401PC spectrophotometer
(Columbia, MD).

ESR settings
All ESR measurements were performed by EMX ESR spectrometer (Bruker) equipped with a
super-high Q microwave cavity. The ESR instrument settings for experiments with membrane
fractions were as follows: field sweep, 50 G; microwave frequency, 9.78 GHz; microwave
power, 20 mW; modulation amplitude, 2 G; conversion time, 656 ms; time constant, 656 ms;
512 points resolution and receiver gain, 1×105. Kinetics were recorded using 1312 ms
conversion time, 5248 ms time constant, and monitoring the ESR amplitude of low-field
component of ESR spectrum of CP nitroxide.

High-performance liquid chromatography (HPLC)
Superoxide production in intact cells was measured by dihydroethidium (DHE) with an HPLC-
based assay [36]. Briefly, cells were washed with Krebs/HEPES buffer and incubated with 10
µM DHE for 20 min at 37°C. Media was removed and cells were transferred to methanol for
extraction of the superoxide-specific product hydroxyethidium and kept at −20°C. Separation
of ethidium, hydroxyethidium and dihydroethidium was performed using a Beckman HPLC
System Gold model with a C-18 reverse phase column (Nucleosil 250, 4.5 mm; Sigma-
Aldrich), equipped with both UV and fluorescence detectors. Fluorescence detection at 580
nm (emission)/480 nm (excitation) was used to measure 2-hydroxyethidium.

Amplex Red assay
H2O2 measurements in intact cells were made using the horseradish peroxidase-linked Amplex
Red fluorescence assay as previously described [37]. Briefly, Amplex Red (50 µM) and
horseradish peroxidase type II (0.1 U/ml) were added to the cellular samples. Fluorescence
readings were made in triplicate in a 96-well plate at Ex/Em = 530/580 nm using 100-µl samples
of media. H2O2 concentration was calculated using a standard curve and normalized to cellular
protein as measured by the Bradford assay.

Quantitative real-time polymerase chain reaction
Total RNA was isolated from cells using the RNeasy kit, as recommended by the manufacturer.
Quantitation of Nox1, Nox4 and 18S rRNA, was performed by amplification of RASMC cDNA
using the LightCycler (Roche) real-time thermocycler with gene-specific primers [38]. Copy
number was calculated by the instrument software from standard curves of genuine templates.

Immunoblotting
RASMCs were lysed in the presence of 1% Triton X-100 as described previously [14], and
lysates were divided into Triton-soluble and insoluble fractions by centrifugation. Proteins
were separated using SDS-PAGE and transferred to nitrocellulose membranes, blocked, and
incubated with primary antibodies. Proteins were detected by ECL. Band intensity was
quantified by densitometry of immunoblots using Image J. Rabbit polyclonal antibodies anti-
Nox4 and anti-Nox1 (1:1000 dilution) were used as characterized previously [14,39]. Nox1
antibodies were provided by Dr. Harald H.H.W. Schmidt.

Statistics
Experiments with NOX1 and NOX4 depletion were analyzed using analysis of variance
(ANOVA). Post hoc analysis to detect differences between specific groups was accomplished
with the Student Neuman Keuls test. In all other experiments, data were analyzed with
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Student’s t-test to determine the significance of treatment effects. The level of statistical
significance was taken as p < 0.05.

RESULTS
Validation of ESR measurements of O2∸ and H2O2 using the xanthine oxidase system

It is known that xanthine oxidase generates both O2
∸ and H2O2 simultaneously. Furthermore,

production of H2O2 exceeds generation of O2
∸ [9]. Therefore, we validated our new ESR assay

for measurement of O2
∸ and H2O2 using the xanthine oxidase system.

We previously reported that the reaction of hydroxylamine probe CPH with O2
∸ produces 3-

carboxy-proxyl (CP), which is inhibited by superoxide dismutase (SOD) [40]. Indeed, addition
of xanthine and xanthine oxidase to CPH led to a steady rise in ESR amplitude of nitroxide
radical, which was completely blocked by SOD supplementation (Figure 1A). It is important
to note that separate addition of xanthine or xanthine oxidase did not change background
oxidation of CPH (Figure 1A). Increasing the CPH concentration did not affect the amount of
SOD-inhibitable nitroxide formation. These data confirm that O2

∸ formation can be
quantitatively measured using CPH in the absence of cellular antioxidants.

Previously, it has been described that peroxidase activity can be measured by peroxidase/
acetamidophenol-mediated co-oxidation of cyclic hydroxylamines to nitroxide [41]. We have
adapted this technique to measure the production of H2O2 (Figure 1B). This new ESR technique
allowed us to quantify the formation of H2O2 by co-oxidation of CPH in the horseradish
peroxidase/acetamidophenol reaction, where one molecule of H2O2 will produce two CP-
radicals. It was found that addition of horseradish peroxidase (HRP) or acetamidophenol (AAP)
did not significantly change the background oxidation of CPH (Figure 1B). Addition of
xanthine and xanthine oxidase to the probe containing HRP, AAP and CPH led to strong
accumulation of 3-carboxy-proxyl, which was not inhibited by SOD, but was completely
blocked by catalase (Figure 1B). These data confirm that the production of H2O2 can be
measured by HRP/acetamidophenol-mediated co-oxidation of CPH in the absence of cellular
H2O2 scavengers. It is important to note that an increase in the concentrations of CPH, AAP
or HRP did not affect accumulation of the catalase-inhibited nitroxide.

Of importance, H2O2 was measured in the presence of SOD (50 U/ml) in order to avoid the
complication of superoxide reacting with CPH. Therefore, the yield of total H2O2 was not
altered. We further validated these independent ESR protocols for detection of superoxide or
H2O2 to ensure artifact free and quantitative detection of these species by comparing the rate
of xanthine oxidation with ROS measurements by ESR. Oxidation of xanthine by xanthine
oxidase was measured by urate accumulation (740 nM/min), and was almost identical to
accumulation of total H2O2 (721 nM/min) measured by ESR in the presence of SOD, HRP,
acetamidophenol and CPH. In this assay, oxidation of CPH was completely inhibited by
catalase (10 µg/ml). Production of superoxide by xanthine oxidase measured by cytochrome
c reduction (530 nM/min) was identical to superoxide detection by CPH (541 nM/min). Both
cytochrome C reduction and CPH oxidation in the superoxide assay was inhibited by Cu,Zn-
SOD (50 U/ml). These data confirm specific and quantitative detection of superoxide and
H2O2 by these ESR methods in the absence of cellular antioxidants.

In order to compare O2
∸ production (530 nM/min) to total xanthine oxidase activity (740 nM/

min), urate accumulation should be multiplied by factor of 2 because the formation of urate
releases two electrons, while cytocrome c receives only one electron from superoxide.
Therefore, the yield of superoxide formation by xanthine oxidase determined
spectrophotometrically is 530/1480, or 36%. ESR measurements provide similar results
(541/1442 or 37%). This means that 1/3 of electrons produced superoxide, while 2/3 of electron
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flow generated H2O2 by 2-electron reduction of oxygen. These estimates are in line with the
previously reported ratio of one- and two-electron oxygen reduction by xanthine oxidase [9,
33].

Analysis of NADPH oxidase activity by NADPH-dependent O2∸ and H2O2 production in the
membrane fraction

After validation using the xanthine oxidase system, we used this assay to analyze NADPH
oxidase activity in the membrane fraction of RASMCs, measuring both O2

∸ and H2O2 (Figure
2A). Accumulation of 3-carboxyproxyl (CP) was followed by an increase in intensity of the
low-field component of ESR spectrum (Figure 2A, insert). Addition of NADPH to CPH and
the membrane fraction strongly increased the ESR signal, which was inhibited by SOD. Thus,
production of O2

∸ by NADPH oxidases can be measured as NADPH-dependent formation of
CP nitroxide, which is also inhibited by SOD (Figure 2A).

Addition of NADPH to the membrane fraction in the presence of SOD, HRP and
acetamidophenol gave rise to an ESR signal that was inhibited by catalase (Figure 2A). It is
important to note that NADPH failed to stimulate nitroxide formation in the absence of the
membrane fraction. An increase in the concentrations of HRP and AAP did not affect the
detection of H2O2 in membrane fractions, which confirms quantitative H2O2 measurements
(data not shown).

It is conceivable that the reaction of O2
∸ with some cellular components (Cu,Zn-SOD, iron-

sulfur clusters, ascorbate) at rate constants orders of magnitude greater than that with CPH
could underestimate O2

∸ production in the membrane fractions. This should not be an issue
with these measurements, however, because membrane fractions do not contain cytoslic
Cu,Zn-SOD, GSH or ascorbate. Nevertheless, we studied possible interference with superoxide
detection by CPH by comparing detection at different concentrations of CPH (rate constant
3.2×103 M−1s−1), and comparing CPH with CMH (rate constant 1.2×104 M−1s−1) and
dihydroethidium (rate constant 2×106 M−1s−1) [36,42]. First, increasing the CPH concentration
5-fold increased O2

∸ detection by less than 10% (Fig.2B, C). Second, application of the CMH
probe, which has a 4-times higher rate constant with O2

∸ [36], did not affect O2
∸ detection

(Figure 2B). Third, application of the SOD inhibitor DETC did not increase detected O2
∸ (data

not shown). Fourth, in the membrane fraction of AngII-stimulated RASMCs, DHE/HPLC and
CPH detected approximately the same amount of superoxide (456 and 410 pmol/mg/min).
Taken together, these experiments suggest that 1 mM CPH detects approximately 90% of the
superoxide in the membrane fraction in the absence of a competing target for the superoxide,
such as superoxide dismutase.

In contrast, superoxide detection was not quantitative in the cell homogenate, which is likely
due to the presence of cytosolic Cu,Zn-SOD (Figure 2C, D). Indeed, supplementation with the
SOD inhibitor DETC significantly increased O2

∸ detection in the cell homogenate (Figure 2D),
but not in the membrane fraction (data not shown). CMH was much more effective than CPH
for O2

∸ detection in the cell homogenate (Figure 2D). Furthermore, O2
∸ detection was

dependent upon CPH concentration in the cell homogenate, but not in the membrane fraction
(Figure 2C), which is likely due to competition of CPH with antioxidants for O2

∸ in the
homogenate, but not in the membrane fraction.

It is important to note that the presence of reducing agents such as NADPH, xanthine or GSH
is can create problems for H2O2 detection. For example, horseradish peroxidase oxidation of
Amplex Red failed to measure H2O2 production by xanthine oxidase in the membrane fraction
due to the reduction of Amplex Red radical by NADPH or xanthine [43]. Addition of Amplex
Red to the xanthine oxidase system after oxidation of xanthine detected only 31% of H2O2
when compared to urate accumulation and ESR method. However, in our system H2O2
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detection was not affected by the presence of NADPH (25–500 µM) or xanthine (25–500 µM),
which is likely due to the rapid reaction of CPH with acetamidophenyl radical.

As we described in the previous section, measurements of H2O2 represent the sum of
dismutated O2

∸ and O2
∸ -independent H2O2 production. Interestingly, detection of NADPH-

dependent ROS (Figure 2A) showed that production of total H2O2 (658 pmol/mg/min)
significantly exceeded the rate of O2

∸ production (184 pmol/mg/min), which suggests that
O2

∸-independent H2O2 production was 474 pmol/mg/min. In the next sections, we investigated
the role of Nox1 and Nox4 in basal and angiotensin II-stimulated O2

∸ and H2O2 production.

Stimulation of NADPH oxidase activity in RASMC treated with angiotensin II
The effect of angiotensin II on O2

∸ and H2O2 production by NADPH oxidases was tested in
membrane fractions isolated from AngII-stimulated quiescent and proliferating RASMC.
NADPH-dependent O2

∸ and H2O2 production was higher in proliferating cells compared to
quiescent RASMCs (Figure 3). Stimulation of cells with AngII led to a two-fold increase in
O2

∸ production both in quiescent and proliferating RASMCs (Figure 3A). However, AngII
stimulation had only a minor, but significant, effect on the total H2O2 production. Interestingly,
AngII almost doubled the ratio of O2

∸ to H2O2 production from 22% to 38% in quiescent cells.
Proliferating RASMCs had a higher basal production of O2

∸ and H2O2 than quiescent cells,
but AngII further increased O2

∸ production, raising the ratio of O2
∸ to H2O2 production from

25% to 41%. Interestingly, the amount of AngII-stimulated O2
∸ production was close to the

amount of AngII-induced H2O2 formation (Figure 3A,B; 6B,C). Therefore, it is likely that
AngII-induced H2O2 is mainly produced by dismutation of AngII-stimulated O2

∸. Thus,
stimulation of RASMCs with AngII primarily increases O2

∸ production.

It has been previously shown that AngII stimulates Nox1 activity by PKC-dependent
phosphorylation of p47phox [17] and Rac1 activation [18]. In this work, we investigated if a 4-
hour stimulation with AngII increased O2

∸ production by altering Nox1 or Nox4 mRNA and
protein levels [10,38]. Real-time PCR analysis revealed that AngII significantly increased
Nox1 mRNA in both quiescent and proliferating RASMC (Figure 4A). In contrast, AngII
treatment caused a minor decrease in Nox4 mRNA (Figure 4B). However, Western Blot
analysis of Nox1 and Nox4 protein did not show any effect of Ang II over this time course
(Figure 4C, D), although basal levels in quiescent and proliferating cells were quite different.
These observations show that O2

∸ production stimulated by a 4-hour treatment with Ang II is
not due to an increase in Nox1 or Nox4 protein levels, but is likely due to the previously shown
PKC-dependent regulation of Nox activity.

In agreement with our previous observations [38], O2
∸ production correlates with the higher

Nox1 level in proliferating RASMC (Figure 3A, 4C). Furthermore, the high Nox4 level in
quiescent RASMCs correlates with the higher H2O2 to O2

∸ ratio in the absence AngII (Figure
3B, 4D). These data raise the possibility that Nox4 is responsible for the bulk of H2O2
production, while Nox1 may produce predominantly O2

∸.

Analysis O2∸ and H2O2 production in Nox4-depleted RASMCs
In order to test this hypothesis, we inhibited Nox4 expression using small interference RNA
[16]. Treatment of RASMCs with Nox4 siRNA resulted in a substantial decrease in Nox4
expression measured by real-time PCR and Western Blot analysis (Figure 5A, B) compared to
treatment with scrambled siRNA. As noted above, stimulation of RASMCs with Ang II did
not affect the Nox4 level. Furthermore, siNox4 did not significantly change the expression of
Nox1 (data not shown).
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To determine whether depletion of Nox4 decreases the production of cellular O2
∸, we measured

intracellular O2
∸ using DHE-HPLC [44,45]. As shown in Figure 6A, basal O2

∸ production
was not affected in Nox4-depleted cells (Figure 6A). Furthermore, there was no difference
between AngII-stimulated generation of O2

∸ in cells treated with scrambled RNA and Nox4-
depleted RASMCs (Figure 6A). Similar results were obtained using the hydroxylamine probe
CMH and ESR (data not shown) [38,44]. These results suggest that Nox4 is not the main source
of O2

∸, and further supports the notion that O2
∸ is mostly produced by Nox1, but not Nox4.

To investigate the effect of siNox4 on the production of cellular H2O2, we used the fluorescent
probe Amplex Red [44]. As noted above, Amplex Red cannot measure H2O2 production in the
membrane fraction due to reduction by NADPH or xanthine. In order to avoid this interference,
we used Amplex Red to detect extracellular H2O2 released from intact cells. The Amplex Red
signal was completely inhibited by catalase (10 µ/ml), while supplementation with Cu,Zn-SOD
(50 U/ml) did not significantly affect H2O2 detection.

The production of cellular H2O2 in Nox4-depleted RASMCs was significantly lower than in
cells treated with scrambled siRNA (Figure 6B). Interestingly, Nox4 depletion also reduced
production of H2O2 in AngII-stimulated cells (Figure 6B, sinox4+AngII); however, when
compared to the corresponding baseline, the AngII-stimulated increase in cellular H2O2 was
71% in scrambled siRNA treated cells and 67% in siNox4 treated cells. This agrees well with
the values of the AngII-induced increase of O2

∸ production, suggesting that H2O2 produced
in response to AngII is the product of O2

∸ dismutation.

Measurements of O2
∸ and H2O2 production in intact RASMC suggest that Nox4 depletion

does not affect Nox1 activity, but reduces Nox4 expression and H2O2 production. However,
it is possible that other sources of ROS such as mitochondria and xanthine oxidase may
contribute to the production of cellular O2

∸ and H2O2. Therefore, we analyzed directly the
activity of NADPH oxidases by O2

∸ and H2O2 production in membrane fractions isolated from
RASMCs treated with scrambled or siNox4 RNA (Figure 6C, D). NADPH-dependent O2

∸

production was not affected in membrane fractions of Nox4-depleted cells (Figure 6C) either
basally or after Ang II treatment. In contrast, NADPH-dependent H2O2 production was
significantly lower in Nox4-depleted membrane fractions from untreated cells, but AngII had
a similar effect in cells treated with scrambled siRNA or siNox4 RNA (Figure 6D).
Interestingly, the activity of NADPH oxidases measured in the membrane fractions showed a
similar pattern to ROS production in intact RASMCs (Figure 6). These data confirm that Nox4
is responsible for NADPH-dependent basal H2O2 production in the membrane fractions, and
suggest that Nox4 mainly generates H2O2 (Figure 6C, D).

Previously, it was suggested that failure to detect O2
∸ production by Nox4 in living cells may

be due to localization of Nox4 in a compartment with high SOD activity [46]. Therefore, we
tested the effect of the SOD inhibitor DETC on O2

∸ detection by DHE and HPLC. Treatment
of intact RASMCs with DETC slightly increased O2

∸ detection (1.5±0.1 µM and 1.8±0.2 µM,
correspondingly). However, O2

∸ production in NOX4-depleted cells was not significantly
different from control RASMCs in either untreated or DETC-treated cells (1.6±0.1 µM and
2.0±0.2 µM, correspondingly). Furthermore, our experiments in the membrane fractions (no
Cu,Zn-SOD activity) showed NOX4-dependent H2O2 release. Therefore, our data do not
support the hypothesis that the lack of NOX4-dependent O2

∸ is due to NOX4 association with
SOD.

Analysis O2∸ and H2O2 production in Nox1-depleted RASMCs
In order to confirm that Nox1 is responsible for O2

∸ production, we inhibited Nox1 expression
using the adenovirus that expresses antisense Nox1 (AdASNox1) as described previously
[10,16]. Western Blot confirmed inhibition of Nox1 expression in AdASNox1-treated
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RASMCs [10]. Measurement of intracellular O2
∸ using DHE-HPLC showed that Ang II is not

able to stimulate O2
∸ production in Nox1-depleted RASMCs (Figure 7A), which is in line with

our previous results [10]. Analysis of cellular H2O2 with Amplex Red in Nox1-depleted
RASMCs showed attenuation of AngII stimulation, but did not reveal a significant effect on
basal H2O2 production (Figure 7B).

Activity of NADPH oxidases was directly analyzed by measuring NADPH-dependent O2
∸ and

H2O2 production in membrane fractions isolated from RASMCs treated with vector or
AdASNox1 (Figure 7C, D). NADPH-dependent O2

∸ production was significantly reduced in
membrane fractions of unstimulated and AngII-stimulated cells (Figure 7C). Depletion of
Nox1 inhibited Ang II-stimulated H2O2 release but did not affect basal H2O2 production
(Figure 7D). Thus, measurement of NADPH-dependent ROS production in the membrane
fractions showed significant impairment of O2

∸ production both in basal and Ang II-stimulated
cells, with minimal effects on basal H2O2 release (Figure 7). These data suggest that both basal
and Ang II-stimulated O2

∸ production from NADPH oxidases are mediated by Nox1.

DISCUSSION
In this work, we studied the contribution of Nox1 and Nox4 to O2

∸ and H2O2 production in
untreated RASMCs and RASMCs treated with AngII. We found that production of O2

∸ by
NADPH oxidases was several times less than H2O2 production. Depletion of Nox4 in RASMCs
treated with siNox4 led to diminished H2O2 production, but did not affect O2

∸ generation. In
contrast, depletion of Nox1 in RASMCs treated with AdASNox1 inhibited basal production
of O2

∸, as well as AngII-stimulated O2
∸ and H2O2 production. Therefore, our data suggest

that Nox4 produces mainly H2O2, while Nox1 generates primarily O2
∸.

Previously, production of O2
∸ in the membrane preparations of RASMCs was demonstrated

by spin trapping techniques [28]. However, quantification of O2
∸ radicals with spin traps is

limited by stability of the superoxide radical adducts [47], and quantitative comparison of
O2

∸ and H2O2 production was not possible. In this work we have described a new and sensitive
assay for O2

∸ and H2O2 in membrane fractions using ESR spectroscopy with cyclic
hydroxylamine CPH (Figure 1, 2) to quantitatively measure the amount of O2

∸ and H2O2
produced by NADPH oxidases. We found that production of H2O2 exceeds O2

∸ formation
(Figure 2). Interestingly, stimulation of RASMCs with AngII strongly increases O2

∸

production, but only slightly raises H2O2 formation. Nox4 depletion decreases basal H2O2
production, but does not affect O2

∸ formation and Ang II-stimulated H2O2 production (Figure
5, 6). Meanwhile, Nox1 depletion in AdASNox1- treated cells abolishes basal and AngII-
stimulated O2

∸ production in the membrane fractions (Figure 7). This analysis of NADPH
oxidases activity supports the notion that basal production of H2O2 is due to Nox4 activity,
while Nox1 is responsible for the most of the basal and Ang II-stimulated O2

∸ production.

The decrease in O2
∸ production after down-regulation of Nox1 has been previously

demonstrated both by DHE [10] and lucigenin [48]. However, lucigenin does not measure the
exact amount of superoxide produced. Furthermore, the effect of Nox1 or Nox4 down-
regulation on H2O2 production has not been investigated due to interference with intracellular
SOD. In this work we used a state-of-the-art ESR technique for H2O2 detection in membrane
fractions, which lack cytosolic Cu,Zn-SOD. Moreover, we measured both cellular O2

∸ (DHE)
and extracellular H2O2 (Amplex Red) in Nox1 and Nox4 depleted cells, which demonstrated
distinct regulations of O2

∸ and H2O2 production.

It is important to note that O2
∸ production in intact cells was measured by dihydroethidium,

which has higher rate constant of reaction with O2
∸ compared to CPH (2×106 M−1s−1 vs

3.2×103 M−1s−1) [36,42]. Furthermore, the reaction of O2
∸ with dihydroethidium was followed
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by accumulation of superoxide specific product 2-hydroxyethidium, while oxidation of CPH
is not superoxide specific. Thus, O2

∸ detection by CPH should be used in cell-free systems or
cellular fractions where detection of superoxide can be confirmed by inhibition of the ESR
signal with superoxide dismutase.

This work represents a first attempt to investigate specific ROS produced by Nox1 and Nox4.
Although CPH-based techniques offer a unique ability to measure O2

∸ and H2O2 in membrane
fractions, there are a number of limitations to absolute quantitation of ROS, including limited
reactivity with O2

∸ and potential contamination of the membrane fractions with cellular
antioxidants. Although we have made a concerted effort to maximize the efficiency of ROS
detection by ESR (Figure 2) and to exclude contamination by thorough centrifugation and
control tests with SOD-inhibitor DETC, we also identified limitations of different assays in
quantitative detection of ROS in cells or membrane fractions. For example, we found that
Amplex Red cannot be used for H2O2 detection in membrane fractions due to the interference
with NADPH, while in intact cells, Amplex Red measures only H2O2 diffused from cells and,
therefore, provides only comparative quantitation of cellular H2O2. We have also shown that
sensitivity of the cytochrome c assay is not sufficient for O2

∸ detection in membrane fractions
of the cells used in this study (unpublished observations). Detection of intracellular O2

∸ by
dihydroethidium is substantially hindered by cellular antioxidants such as cytosolic superoxide
dismutase and, therefore, accumulation 2-hydroxyethidium provides only comparative
quantitation of cellular O2

∸.

Serrander et al. [46] suggested that Nox4 may generate O2
∸ within an intracellular

compartment that is not accessible to DHE or spin probes. They found that overexpression of
Nox4 resulted in a higher signal from nitro blue tetrazolium (NBT), but not DHE or spin probe
ACP [46]. However, NBT can be reduced by various flavin proteins, probably including Nox4.
Therefore, it is possible that increased NBT reduction in Nox4 overexpressing cells is due to
NBT redox cycling [49] in the presence of NADPH. Nox can reduce NBT to NBT radical,
which reacts with oxygen to produce superoxide. This artificial reduction of NBT will be
inhibited by SOD, and reflect Nox4 expression, but not its activity.

It is important to note that the other assays based on oxidation by superoxide used by Serrander
et al. (cell permeable probes DHE and ESR probe ACP) did not detect an increase of superoxide
in Nox4 overexpressing cells [46], which was explained by a possible lack of accessibility of
the probes to NOX4. In our experiments, we used membrane fractions to overcome this
potential limitation. For example, NADPH was able to access Nox4 because ROS production
was significantly decreased in the membrane preparations of Nox4-depleted cells (Figure 6).
Furthermore, O2

∸ detection in membrane fractions did not depend on the reactivity or the
concentrations of the probes (CPH, CMH or DHE), which are easily permeable to all possible
cellular and lipid compartments including mitochondria [50]. Finally, our experiments with
DETC-treated RASMCs did not support the hypothesis that the lack of Nox4-dependent O2

∸

is due to NOX4 association with SOD. Taken together, these arguments suggest that the major
detectable product of Nox4 is H2O2.

It has been reported that Nox4 is responsible for constitutive production of H2O2 [11], but
whether this is derived from dismutation of O2

∸ or direct production of H2O2 is unclear. It is
generally assumed that all Noxes initially produce O2

∸, which then dismutates into H2O2.
However, increased expression of the p22phox subunit increases H2O2 production without
changing O2

∸ generation [34]. This raises the possibility of direct H2O2 generation by NADPH
oxidases. Previously, production of extracellular H2O2 in Nox4 expressing epithelial cells was
found to require p22phox, but not the other canonical cytosolic subunits [11]. Based on these
observations and the data reported here, we suggest that O2

∸ release from the catalytic core of
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Nox4 is electrostatically hindered, leading to 2 sequential single-electron reductions by heme,
thus favoring H2O2 release (Figure 8).

Precedence for direct generation of H2O2 without intermediate O2
∸ can be found in xanthine

oxidase [9], where molybdenum center oxidizes xanthine and transfer electrons to the flavin
group, which reduces oxygen by two consecutive electron transfers. Dissociation of the O2

∸-
xanthine oxidase complex is slow compared with the fast transfer of the second electron to
oxygen. This process results in formation of a H2O2-xanthine oxidase complex, which rapidly
dissociates into H2O2 and xanthine oxidase. It has been estimated that 75% of electron flow
in xanthine oxidase is involved in two-electron reduction of oxygen. A similar process may
occur with Nox4, where the complex of ferric Nox4—O2

∸ may be stable enough to transfer
the second electron from the flavin to the heme and then to O2

∸ producing H2O2 (Figure 8).
While some O2

∸ may escape, explaining the decrease in O2
∸ measured after depletion of Nox4

by siRNA [16], the major detectable product from Nox4 is thus H2O2. This proposed
mechanism of Nox4-mediated H2O2 production requires further investigation.

It was previously reported that the phagocytic NADPH oxidase (Nox2) rapidly produces
primarily O2

∸ [25], which is then dismutated into H2O2. Interestingly, the phagocytic NADPH
oxidase is hundreds of times more efficient in O2

∸ production than are vascular smooth muscle
cells [51]. Thus, it is highly unlikely that dissociation of the Nox2-O2

∸ complex is slow,
allowing rapid O2

∸ release before it receives a second electron from Nox2. A similar
mechanism appears to account for O2

∸ production by Nox1. Once the ferrous Nox1 heme
reduces oxygen, this complex rapidly dissociates into O2

∸ and ferric Nox1 (Figure 8).

Expression of Nox4 is thousands of times higher than Nox1 (Figure 4), while inhibition of
ROS production in Nox1 or Nox4 depleted cells was comparable (Figure 6 and 7). These data
suggest that the catalytic activity of Nox4 is much lower than Nox1, which may be associated
with slow dissociation of Nox4-O2

∸ complex, allowing a second electron transfer to produce
H2O2. The differences in catalytic activities of Nox1 and Nox4 can be explained by the lack
of Nox4 activation by p47phox and Rac1 [11]. Nox4 has a low, but constitutive activity, while
Nox1 has low expression, but very high catalytic activity.

It has been previously shown that under normal physiological conditions Nox4 is required for
expression of smooth muscle myosin heavy chain, smooth muscle α-actin, and calponin, and
is essential for the maintenance of stress fibers in vascular smooth muscle cells [16]. Recently,
Nox4 has been implicated in the TGF-beta1-induced conversion of fibroblasts to
myofibroblasts by regulating Smad 2/3 activation [19]. Interestingly, depletion of Nox4
reduced angiogenic responses as assessed by the tube formation and wound healing assays, in
both human microvascular and umbilical vein endothelial cells, while overexpression of Nox4
enhanced the angiogenic responses in endothelial cells. These effects were mimicked by
exogenous H2O2 and blocked by H2O2 scavenger ebselen [52]. Thus, production of H2O2 by
Nox4 is important both in physiological and pathological conditions.

Nox4 is constitutively expressed at high levels in a variety of vascular cells: fibroblasts,
endothelial and smooth muscle cells. Thus, Nox4 is constantly involved in ROS production
and may be responsible for physiological signaling because H2O2 can regulate cellular redox
status without stimulating oxidative stress. In contrast, production of O2

∸ by Nox1 has been
implicated in the cardiovascular diseases, such as hypertension and hypertrophy [38]. Our data
confirm that Nox1 is responsible for AngII-induced O2

∸ production (Figure 8), and given the
established association of Ang II, ROS and vascular disease, suggest that it is this oxidase that
contributes to pathophysiological levels of oxidative stress in these cells.

It is important to note that Nox1 is involved in both O2
∸ and H2O2 dependent redox regulation.

Nox1-derived O2
∸ will be distmutated into H2O2, which may trigger specific cell signaling.

Dikalov et al. Page 12

Free Radic Biol Med. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Indeed, enhanced Nox1 expression stimulates cell proliferation [53] and vascular hypertrophy
[38], which are mediated by H2O2 [53,54]. Meanwhile, O2

∸ production by Nox1 modulates
vascular reactivity and inflammatory reactions [27].

Our results provide a new insight into cellular H2O2 production and its physiological role. It
is known that both O2

∸ and H2O2 serve as second messengers to activate multiple intracellular
signaling pathways. We speculate that constitutive expression of Nox4 generates sustained
local subcellular H2O2. Hydrogen peroxide is a much more stable molecule than O2

∸ and can
diffuse through several cell layers; therefore, Nox4 may be responsible for maintenance of the
tissue H2O2 level. The local effect of H2O2 mediated redox regulation will then depend on the
activity of antioxidants, such as reduced glutathione, glutathione peroxidase, peroxiredoxins
and catalase.

Overproduction of H2O2 leads to depletion of cellular antioxidants and a change in subcellular
H2O2 distribution, which may result in activation of abnormal cell signaling, resulting in
inflammation and cell apoptosis [55]. It has been shown that H2O2 can activate xanthine
oxidase, which strongly correlates with the progression of cardiovascular diseases [56].
Furthermore, H2O2 may be an early determinant of endothelial dysfunction due to redox
stimulation of Nox1 activity resulting in NO inactivation [57]. Of note, most of the clinically
used antioxidant interventions do not scavenge H2O2. For example, the most frequently used
vitamin C and E do not react with H2O2. Interestingly, ACE inhibitors and AT1 receptor
blockers decrease both NADPH oxidase activity and production of cellular H2O2 [58],
suggesting that this ability may partially underlie their clinical effectiveness.

In summary, our study clearly showed that depletion of Nox4 in RASMCs treated with siRNA
to Nox4 leads to diminished H2O2 production, but does not affect O2

∸ generation. Depletion
of Nox1 in RASMCs inhibits production of O2

∸, but not basal H2O2, in intact cells and
membrane fractions. Using a new state-of-the-art ESR assay for quantitative measurements of
both O2

∸ and H2O2 in the membrane fraction, we found that basal H2O2 production exceeds
O2

∸ generation by 3 to 5 times, while stimulation with AngII causes a 2-fold increase in Nox1-
dependent O2

∸ production. We conclude that Nox4 produces mainly H2O2, while Nox1
generates mostly O2

∸. Therefore, Nox4 is responsible for the basal production of H2O2, while
Nox1 is required for AngII stimulated O2

∸ production.
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Figure 1.
Quantitative measurements of O2

∸ (A) and H2O2 (B) in the xanthine oxidase system containing
0.1 mM xanthine and 2 mU/ml xanthine oxidase. Superoxide formation was assayed as SOD-
inhibitable formation of 3-carboxy-proxyl (CP), while H2O2 was detected by peroxidase-
acetamidophenol-mediated co-oxidation of CPH to CP-nitroxide, which was inhibited by
catalase (20 µg/ml).
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Figure 2.
Analysis of NADPH oxidase activity by measurement of O2

∸ and H2O2 production in the
membrane fraction. (A) Accumulation of 3-carboxyproxyl (CP) in the membrane fraction of
RASMCs (0.1mg/ml) followed by an increase in the low-field component of EPR spectrum
(insert). The rates of O2

∸ and H2O2 production were 184 pmol/mg/min and 658 pmol/mg/min,
correspondingly. The O2

∸ independent H2O2 production was 474 pmol/mg/min; (B) Detection
of O2

∸ in the membrane preparation of RASMCs (0.2 mg/ml) using CMH or CPH. Addition
of cytosol inhibited O2

∸ detection similar to SOD-supplementation; (C) Measurement of
O2

∸ production by NADPH oxidase in homogenate and membrane fraction of RASMCs
(0.1mg/ml) at various concentrations of CPH; (D) Detection of O2

∸ in the homogenate of
RASMCs (0.2mg/ml) using CMH, CPH and CPH + SOD-inhibitor DETC.
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Figure 3.
Stimulation of NADPH oxidase activity in quiescent (Q) or proliferating (Prolif) RASMCs
treated with AngII (100 nM) for 4-hours. Activity of NADPH oxidases was analyzed by O2

∸

(A) and H2O2 (B) production measured in the membrane fraction using ESR spectroscopy as
described in the Methods section. Data are from six to eight separate experiments (*P<0.01
Ang II vs unstimulated, **P<0.05 Proliferating vs Quiescent).
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Figure 4.
Expression of Nox1 and Nox4 catalytic subunits in AngII-stimulated (100 nM, 4-hours)
quiescent (Q) or proliferating (Prolif) RASMCs measured by real-time PCR (A, B) and Western
Blot analysis (C, D). Real-time PCR data are from five separate experiments. Western Blot
shows typical expression of Nox1 and Nox4 in quiescent (Q) or proliferating (Prolif) RASMC.
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Figure 5.
Expression of Nox4 in siRNA treated RASMCs. RASMCs were treated with scrambled (Scr)
or Nox4 siRNA (sinox4) for five days and then stimulated with 100 nM AngII for 4-hours.
Expression of Nox4 was measured by real-time PCR (A) and Western Blot analysis (B). Data
are average from five separate experiments ± Standard Error. Western Blot shows typical
Western blot of Nox4 expression in scrambled or Nox4 siRNA treated RASMCs.
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Figure 6.
Analysis of O2

∸ and H2O2 in Nox4-depleted RASMCs. (A) Production of intracellular O2
∸

was measured by DHE/HPLC following accumulation of 2-hydroxyethidium using HPLC as
described in Materials and Methods. RASMCs treated with scrambled (Scr) or Nox4 siRNA
(sinox4) were stimulated with 100 nM AngII for 4-hours; (B) Cellular H2O2 was measured
using the fluorescent probe Amplex Red and normalized by cellular protein. RASMCs were
stimulated with AngII and incubated with Amplex Red for 2-hours. Accumulation of the
fluorescent signal was blocked by supplementation with catalase (20 µg/ml) (not shown). (C)
ESR measurements of NADPH oxidase activity in membrane preparations of siRNA-treated
RASMC by analysis of NADPH-dependent O2

∸ production; (D) Measurements of NADPH
oxidase activity in membrane preparations of siRNA-treated RASMC by analysis of NADPH-
dependent H2O2 production using ESR spectroscopy as described in Methods. Data are from
4 to 6 separate experiments (*P<0.05 AngII vs non-stimulated).
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Figure 7.
Analysis of NADPH oxidase activity in Nox1-depleted RASMCs. (A) Production of
intracellular O2

∸ measured by accumulation of 2-hydroxyethidium using DHE-HPLC as
described in Methods. RASMCs treated with vector or AdASNox1 were stimulated with 100
nM AngII for 4-hours; (B) Cellular H2O2 was measured using the fluorescent probe Amplex
Red and normalized by cellular protein. RASMCs were stimulated with 100 nM AngII and
incubated with Amplex Red for 4-hours. Accumulation of fluorescent signal was blocked by
supplementation with catalase (20 µg/ml). (C) NADPH oxidase activity measured by O2

∸

production in the membrane fraction of RASMCs. (D) (D) NADPH-dependent H2O2
production in membrane preparations of RASMCs using ESR spectroscopy as described in
Methods. (*P<0.05 vs AngII; **P<0.05 vs Vec+AngII).
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Figure 8.
Potential molecular mechanisms of O2

∸ and H2O2 production by Nox1 and Nox4. One-electron
reduction of oxygen produces a complex of ferric heme and superoxide. The complex of ferric
Nox1—O2

∸ may rapidly dissociate releasing free O2
∸ molecule. Meanwhile, the complex of

ferric Nox4—O2
∸ may be stable enough to transfer the second electron from the flavin to the

heme and then to O2
∸, producing H2O2.
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