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Recently, it has been shown that the exogenous addi-
tion of hydrogen peroxide (H2O2) increases endothelial
nitric oxide (NO�) production. The current study is de-
signed to determine whether endogenous levels of H2O2
are ever sufficient to stimulate NO� production in intact
endothelial cells. NO� production was detected by a NO�-
specific microelectrode or by an electron spin resonance
spectroscopy using Fe2�-(DETC)2 as a NO�-specific spin
trap. The addition of H2O2 to bovine aortic endothelial
cells caused a potent and dose-dependent increase in
NO� release. Incubation with angiotensin II (10�7 mol)
elevated intracellular H2O2 levels, which were attenu-
ated with PEG-catalase. Angiotensin II increased NO�

production by 2-fold, and this was prevented by Losar-
tan and by PEG-catalase, suggesting a critical role of
AT1 receptor and H2O2 in this response. In contrast, NO�

production evoked by either bradykinin or calcium
ionophore A23187 was unaffected by PEG-catalase. As in
bovine aortic endothelial cells, angiotensin II doubled
NO� production in aortic endothelial cells from C57BL/6
mice but had no effect on NO� production in endothelial
cells from p47phox�/� mice. In contrast, A23187 stimu-
lated NO� production to a similar extent in endothelial
cells from wild-type and p47phox�/� mice. In summary,
the present study provides direct evidence that endog-
enous H2O2, derived from the NAD(P)H oxidase, medi-
ates endothelial NO� production in response to angioten-
sin II. Under disease conditions associated with
elevated levels of angiotensin II, this response may rep-
resent a compensatory mechanism. Because angiotensin
II also stimulates O2

. production from the NAD(P)H oxi-
dase, the H2O2 stimulation of NO� may facilitate per-
oxynitrite formation in response to this octapeptide.

Growing evidence indicates that angiotensin II activates the
vascular NADPH oxidase, leading to increased production of
superoxide anion (O2

.)1 (1–4). Superoxide, in turn, reacts with
the nitric oxide radical (NO�) in a diffusion-limited fashion to
form peroxynitrite. This results in the loss of many of the
beneficial effects of NO�, including vasodilatation (5). We and
others have shown that angiotensin II contributes to endothe-
lial dysfunction in vivo by this mechanism (6–8). On the other
hand, O2

. serves as a source of other reactive oxygen species,
which may contribute to vascular disease and, in some cases,
may have specific signaling properties (9). In particular, the
dismutation product of O2

., H2O2, may mediate compensatory
responses. For example, we have shown that H2O2 potently
induces endothelial nitric oxide synthase (eNOS) gene expres-
sion in endothelial cells via a Ca2�/calmodulin-dependent pro-
tein kinase II/Janus kinase 2-dependent pathway (10, 11).

Recently, is has been shown that exogenous H2O2 acutely
activates eNOS to cause endothelial NO� release (12). These
responses were only observed when micromolar concentrations
of H2O2 were employed. It remains unclear, therefore, whether
endogenous levels of H2O2 are ever sufficiently high to stimu-
late NO� production in response to either physiological or
pathophysiological stimuli. One such pathophysiological stim-
ulus, angiotensin II, is known to activate the NADPH oxidase
and could lead to H2O2 formation. Previous studies have sug-
gested that angiotensin II increases NO� production, although
the precise signaling mechanisms have not been defined (13–
15). The present study is designed to examine whether endog-
enous accumulation of H2O2 in response to angiotensin II and
other stimuli is sufficient to stimulate endothelial NO�

production.

MATERIALS AND METHODS

Cell Culture—Bovine aortic endothelial cells (Cell Systems) were
cultured in Media 199 (Invitrogen) containing 10% fetal calf serum
(Hyclone Laboratories, Logan, UT) as described previously (10, 11).
Mouse aortic endothelial cells (MAECs) from C57BL/6 and p47phox�/�

mice were isolated by heparinization and matrigel culture and were
maintained in 10% fetal calf serum-containing Media 199 supple-
mented with L-glutamine (2 mmol/liter, Invitrogen), 1� MEM vitamin
solution (Hyclone Laboratories, Logan, UT), streptomycin (20 �g/ml),
and penicillin (20 units/ml) from Invitrogen. On the day prior to the
study, the fetal calf serum concentration was reduced to 5%. Human
aortic endothelial cells (Biowhittaker, Walkersville, MD) were cultured

* This study was supported by National Institutes of Health Grants
HL39006 (to D. G. H.), HL64828 (to S. C. D.), HL59248 (to D. G. H.),
and National Institutes of Health Program Project Grant 58000 (to
D. G. H.) as well as a Department of Veterans Affairs merit grant (to
D. G. H.), a Procter and Gamble University Exploratory Research grant
(to S. C. D.), a Scientist Development Award from the American Heart
Association (to S. C. D.), and a Postdoctoral Fellowship Award from the
American Heart Association (to H. C.). This paper was presented in
part at the 74th Scientific Session of the American Heart Association,
Anaheim, California, November 11–14, 2001. The costs of publication of
this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

§ To whom correspondence should be addressed: Division of Cardiol-
ogy, Emory University School of Medicine, Suite 319, Woodruff Memo-
rial Research Building, 1639 Pierce Dr., Atlanta, GA 30322. Tel.: 404-
727-8905; Fax: 404-727-3330; E-mail: chua@emory.edu.

1 The abbreviations used are: O2
., superoxide anion; NO�, endothelial

nitric oxide; eNOS, endothelial nitric oxide synthase; MAECs, mouse
aortic endothelial cells, MEM, minimum Eagle’s medium; PEG, poly-
ethylene glycol; SOD, superoxide dismutase; DCFH-DA, 2�,7�-dichlo-
rofluorescein diacetate; DETC, diethyl dithiocarbamate; L-NAME,
L-nitroarginine methyl ester; ESR, electron spin resonance.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 277, No. 50, Issue of December 13, pp. 48311–48317, 2002
Printed in U.S.A.

This paper is available on line at http://www.jbc.org 48311



in 2% fetal calf serum-endothelial growth medium-2 supplemented with
growth factors according to the manufacturer’s instructions.

Detection of NO� Using a Selective Microelectrode—Bare carbon fiber
electrodes (100-�m length � 30-�m outer diameter) were coated with
nafion and o-phenylenediamine for the specific detection of NO� as
described by Friedemann et al. (16). Control experiments showed that
these coatings effectively eliminated electrode responsiveness to other
oxidizable species, including nitrate, nitrite, and H2O2. To detect NO�

from endothelial monolayers, cells were cultured on 35-mm dishes and
studied 1 day post confluence. Cells were maintained at 37 °C. The
electrode tip was advanced to the surface of an individual cell and then
withdrawn precisely 5 �m. NO�-dependent oxidation currents were
recorded (voltage clamp mode) immediately post addition of H2O2 using

an Axopatch 200B amplifier (Axon Instruments, Union City, CA). Re-
cordings were made at 0.65 V, approximately the voltage for peak NO�

oxidation, and the current generated against a silver/silver chloride
reference electrode was recorded. The average concentration of NO�

released within 5 min after H2O2 stimulation was calculated from a
standard curve obtained using dilutions of de-oxygenated, saturated
NO� gas solutions. In additional experiments, individual measurements
of NO� release were made at 5, 10, and 15 min following H2O2 stimu-
lation. The pCLAMP 7.0 (Axon Instruments) was used to deliver voltage
protocols and acquire and analyze data. The signal obtained in response
to H2O2 was corrected for background using media containing H2O2 in
the absence of cells.

Detection of NO� by ESR Using a NO�-specific Spin Trap Fe2�-

FIG. 1. Characterization of the NO�-
specific microelectrode. Panel A shows
that in a cyclic voltammetry ramp (253
mV/s) in the presence of 1 �mol/liter NO�,
the oxidation current displays a peak
characteristic of NO� at 0.6–0.7 V versus
an Ag/AgCl reference electrode. Panel B
demonstrates that the response of the
electrode was linearly related to the con-
centration of NO� present (r � 1.0). The
detection limit was �5 nmol/liter. NO�

standards were produced by diluting a
deoxygenated, saturated solution made
from pure NO� gas.

FIG. 2. Effect of H2O2 on endothelial
NO� production. A, the concentration-
response relationship between the ap-
plied H2O2 concentrations and NO� pro-
duction. Postconfluent bovine aortic
endothelial cells were exposed to H2O2,
and the 5-min average NO� concentration
was detected using the NO�-specific mi-
croelectrode. The electrode response in a
cell-free system was used as a control. B,
effect of NOS inhibition on H2O2-depend-
ent NO� production. Endothelial cells
were pretreated for one-hour with
L-NAME (1 mmol/liter) and the NOS in-
hibitor prior to H2O2 stimulation, and
NO� production was determined with the
NO�-specific microelectrode. C, the role of
the hydroxyl radical in H2O2-dependent
NO� production. Endothelial cells were
pretreated with the hydroxyl radical ch-
elators Me2SO (0.3%) and mannitol (20
mmol/liter) or the Fenton reaction en-
hancers EDTA (100 �mol/liter) and
FeSO4 (100 �mol/liter) for one h prior to
H2O2 stimulation, and NO� production
was determined with the NO�-specific
microelectrode.
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(DETC)2—Nitric oxide was also detected using a Fe2�-(DETC)2 colloid
(17). In brief, post-confluent endothelial cells were rinsed with phos-
phate-buffered saline and modified Krebs/HEPES buffer (99.01 mmol/

liter NaCl, 4.69 mmol/liter KCl, 1.87 mmol/liter CaCl2, 1.20 mmol/liter
MgSO4, 25 mmol/liter NaHCO3, 1.03 mmol/liter K2HPO4, 20 mmol/liter
sodium-HEPES, and 11.1 mmol/liter d-glucose, pH 7.35) prior to incu-
bation with Fe2�-(DETC)2 (0.5 mmol) in Krebs/HEPES buffer contain-
ing agonists (angiotensin II, bradykinin, and A23187) and/or PEG-
catalase. The Fe2�(DETC)2 colloid was prepared immediately prior to
use. After incubation at 37 °C for 30 min, cells were gently scraped with
a rubber policeman and collected. Cell suspensions collected in 1-ml
syringes were snap-frozen with liquid N2. The frozen sample column
was then loaded into a finger Dewar and analyzed with a Bruker EMX
ESR spectrometer (Bruker Instruments, Billerica, MA) at the following
settings: field sweep, 160 G; microwave frequency, 9.39 GHz; micro-
wave power, 10 milliwatts; modulation amplitude, 3 G; conversion time,
2621 ms; time constant, 328 ms; modulation amplitude, 3 G; receiver
gain, 1 � 104 and 4 scans. Because the Fe2�(DETC)2 colloid is lipophy-
lic, it specifically detects NO� in lipid bilayers, i.e. sites where NO� is
relatively protected from oxidative degradation by O2

..
Detection of Intracellular H2O2 Using a DCFH-DA Fluorescent As-

say—Intracellular H2O2 was measured by a 2�,7�-dichlorofluorescin
diacetate (DCFH-DA)-based fluorescent assay as described previously
(18). Cells were stimulated with angiotensin II for 30 min, rinsed twice
with ice-cold PBS, and scraped. A 200-�l cell suspension was loaded
into a 96-well plate and read with a fluorescent plate reader at excita-
tion and emission wavelengths of 475 and 525 nm, respectively. The
cells were counted in duplicates by a hemacytometer.

Statistical Analysis—H2O2 or angiotensin II-stimulated NO� produc-
tion, in the absence or presence of pharmacological inhibitors, was
measured five times (unless indicated) for each condition, and the
differences among groups were analyzed using one-way analysis of
variance. When differences were indicated, a Dunnet’s post hoc test was
employed. Statistical significance was assumed for p � 0.05. All
grouped data shown in the figures were presented as mean � S.E.

FIG. 3. Effects of angiotensin II on endothelial H2O2 produc-
tion detected by a DCFH-DA fluorescent assay. Endothelial cells
were pretreated with control media or media containing PEG-catalase
(50 units/ml) for 18 h before being loaded with DCFH-DA (30 �mol/liter)
for 1 h. After stimulation with angiotensin II (Ang II) for 30 min, cells
were scraped and loaded into a 96-well plate and read with a fluorescent
plate reader at excitation and emission wavelengths of 475 and 525 nm,
respectively. Grouped data from three separate experiments are pre-
sented in -fold increase.

FIG. 4. Effect of angiotensin II on
endothelial NO� production. A, endo-
thelial NO� release in response to angio-
tensin II detection with the NO�-specific
electrode. Cells were exposed to angioten-
sin II (10�7 mol), and the increase in ex-
tracellular NO� concentration was aver-
aged over 5 min. B, endothelial NO�

production in response to angiotensin II
(Ang II) detection with the NO�-specific
spin trap and ESR. Cells were incubated
with angiotensin II (10�7 mol) for 30 min
and collected for NO� detection following
the protocol described under “Materials
and Methods.” The upper panel shows
representative NO� spectra from control
and angiotensin II-treated cells. The
lower panel is grouped data of ESR inten-
sity expressed in -fold increase from four
separate experiments. C, effects of NOS
inhibition and AT1 receptor antagonism
on angiotensin II stimulation of NO� pro-
duction. Cells were pretreated with
L-NAME (1 mmol/liter) or Losartan (10
�mol/liter), the AT1 receptor antagonist,
for 15 min prior to stimulation with an-
giotensin II. Both of the drugs abolished
the angiotensin II-dependent NO� produc-
tion. A representative spectrum for the
Fe2�(DETC)2-NO� signal obtained in cells
treated with H2O2 is also presented.

H2O2-dependent NO� Stimulation by Angiotensin II 48313



RESULTS

Characterization of NO�-specific Microelectrode—In cyclic
voltammetry experiments (253 mV/s) using a 1 �mol/liter NO�

solution, the oxidation current displayed a characteristic peak
at 0.65 V versus an Ag/AgCl reference electrode (Fig. 1A). The
response of the electrode was linearly related to the concentra-
tion of NO� present, and the detection limit was �5 nmol/liter
(Fig. 1B).

H2O2 Acutely Stimulates NO� Production by Endothelial
Cells—H2O2 caused a potent, dose-dependent increase in NO�

concentration directly above the endothelial monolayer, which
reached a peak of 12.8-fold greater than baseline at a concen-
tration of 150 �mol/liter H2O2 (Fig. 2A). One hour of pretreat-
ment with L-NAME (1 mmol/liter) completely attenuated this
response, supporting the specificity of the electrode and the
dependence of the response on eNOS (Fig. 2B, p � 0.001).
Further studies demonstrated that this response was not me-
diated by a hydroxyl radical. Preincubation of endothelial cells
with the hydroxyl radical scavengers Me2SO (0.3%) or manni-
tol (20 mmol/liter) had no effect on H2O2-dependent NO� pro-
duction. Interestingly, treatment of cells with the Fenton reac-
tion enhancers EDTA (100 �mol/liter) or FeSO4 (100 �mol/
liter) inhibited NO� stimulation by H2O2 by 47% (Fig. 2C, p �
0.01). Because Fenton reaction enhancers deplete H2O2 in the
process of generating hydroxyl radical, these data support the
concept that H2O2, but not the hydroxyl radical, activates NO�

production in endothelial cells.
Angiotensin II Increases Intracellular H2O2 Production—In

cultured endothelial cells it has been shown previously that
angiotensin II stimulates reactive oxygen species production (3,
4). Moreover, H2O2 is known to mediate AT1 receptor-depend-
ent angiotensin II signaling in vascular cells (9, 19). It is
possible that a rise in intracellular H2O2 may play an impor-
tant role in angiotensin II-dependent NO� production. As
shown in Fig. 3, intracellular H2O2 detected using DCFH-DA
was increased by 1.8-fold by incubating endothelial cells with
angiotensin II (10�7 mol) for 30 min, and this rise was com-
pletely prevented by pretreating endothelial cells with PEG-
catalase (50 units/ml) for 18 h prior to the experiment. As
shown previously by Beckman et al. (20), this prolonged prein-
cubation is necessary to increase intracellular catalase activity.

Angiotensin II Stimulates NO� Production by Endothelial
Cells—To determine whether angiotensin II has any effect on
endothelial NO� production, cells were exposed to angiotensin
II (10�7 mol), and NO� release was monitored by the NO�-
specific microelectrode. As shown in Fig. 4A, the NO� concen-
tration above endothelial cells doubled in response to angioten-
sin II (n � 4, p � 0.001). These results are in keeping with those
of Thorup et al. (15), who found that in isolated renal arteries,

FIG. 5. Role of the intracellular H2O2 in angiotensin II timula-
tion of endothelial NO� production. A, effect of H2O2 reduction on

angiotensin II (Ang II)-dependent NO� production/detection with the
NO�-specific microelectrode. Cells were pretreated with PEG-catalase
(50 units/ml) or PEG-SOD (75 units/ml) for 18 h, and the 5-min average
NO� release was determined by the NO�-specific microelectrode. B,
effect of H2O2 reduction on angiotensin II-dependent NO� production/
detection with the NO�-specific spin trap and ESR. Cells were pre-
treated with PEG-catalase (50 units/ml) for 18 h before being exposed to
angiotensin II, and NO� was detected by ESR. The left panel demon-
strates representative spectra for the NO� signal achieved from control
cells or cells treated with angiotensin II in the presence or absence of
pharmacological interventions. The right panel shows grouped data of
ESR intensity expressed in -fold increase from four separate experi-
ments. C, effect of PEG-catalase on angiotensin II-stimulated NO� pro-
duction in human aortic endothelial cells (HAECs) were pretreated
with PEG-catalase for 18 h prior to angiotensin II stimulation, and NO�

was measured by ESR spin trapping. D, effect of PEG-catalase on ESR
trapping of exogenous NO�. Cells were exposed to different concentra-
tions of the NO� donor spermine NONOate in the presence or absence of
PEG-catalase, and NO� was detected by ESR.
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angiotensin II dose-dependently increased NO� production to
similar levels (15).

To confirm that angiotensin II stimulates endothelial NO�

production, we employed electron spin resonance spectroscopy
(ESR) with the NO�-specific spin trap Fe2�-(DETC)2. The Fe2�-
(DETC)2 colloid is hydrophobic and partitions in the lipid bi-
layers of cell membranes where it reacts with NO� to form a
Fe2�-(DETC)2-NO� complex that can be detected by ESR. This
approach has the advantage that NO� is concentrated in the
lipid bilayers (21, 22), and at this site it is protected from
inactivation by O2

.. As demonstrated in Fig. 4B, 30 min of
incubation with angiotensin II caused a 2-fold increase in en-
dothelial NO� production (n � 4, p � 0.001), qualitatively
confirming the NO� electrode findings. Pretreatment with L-
NAME (1 mmol/liter for 15 min) completely attenuated this
response (Fig. 4C). Further studies showed that NO� stimula-
tion by angiotensin II was dependent on the AT1 receptor,
because pretreatment with the AT1 receptor antagonist Losar-
tan (10 �mol/liter for 15 min) abolished angiotensin II-depend-
ent NO� production (Fig. 4C). A representative spectrum for
H2O2 (150 �mol/liter)-stimulated NO� production is illustrated
in Fig. 4C.

Intracellular H2O2 Mediates Angiotensin II Stimulation of
Endothelial NO� Production—To investigate the potential role
of intracellular H2O2 in angiotensin II-stimulated NO� produc-
tion, endothelial cells were pretreated with PEG-catalase (50

units/ml) or PEG-SOD (75 units/ml) for 18 h prior to exposure
to angiotensin II. Acute NO� release was monitored by the
NO�-specific electrode for 5 min. As shown in Fig. 5A, the
average NO� concentration was consistently increased by an-
giotensin II, and this response was completely prevented by
PEG-catalase (n � 4, p � 0.001). PEG-SOD tended to further
enhance this response, although statistical significance was not
reached. Supporting the electrode findings, an 18-hour pre-
treatment with PEG-catalase abolished the angiotensin II-
stimulated NO� production detected by ESR and the NO�-spe-
cific spin trap Fe2�-(DETC)2 (Fig. 5B, n � 4, p � 0.001). Taken
together, data from two distinct methodologies for direct NO�

detection suggested that the scavenging of intracellular H2O2

prevents NO� stimulation by angiotensin II, implying a critical
role of H2O2 in this response. These experiments were repeated
in cultured human aortic endothelial cells, and the results were
identical (Fig. 5C).

It was reported recently that catalase can direct bind NO�

(23). To exclude the possibility that PEG-catalase inhibited the
Fe2�-(DETC)2-NO� signals by direct binding of NO�, endothelial
cells were exposed to different concentrations of the exogenous
NO� donor, spermine-NONOate, in the presence or absence of
PEG-catalase. ESR was used to evaluate the resultant NO�

signals. PEG-catalase did not affect the NO� detected from the
exogenous NO� donor as shown in Fig. 5D. These results indi-
cate that the low concentrations of PEG-catalase used in these

FIG. 6. H2O2-mediated NO� produc-
tion is restricted to angiotensin II. A,
effect of PEG-catalase on A23187-stimu-
lated NO� production. Cells were pre-
treated with PEG-catalase (50 units/ml)
for 18 h prior to stimulation with calcium
ionosphere A23187 (1 �mol/liter). NO�

production was determined by ESR. The
left panel demonstrates representative
spectra for NO� signals acquired from con-
trol cells or cells treated with A23187 in
the presence or absence of PEG-catalase.
The right panel shows grouped data of
ESR intensity expressed in -fold increase
from four separate experiments. B, effect
of PEG-catalase on bradykinin-stimu-
lated NO� production. Cells were pre-
treated with PEG-catalase (50 units/ml)
for 18 h prior to stimulation with brady-
kinin (1 �mol/liter), and NO� production
was determined by ESR. The left panel
demonstrates representative spectra for
the NO� signal achieved from control cells
or cells treated with bradykinin (BK) in
the presence or absence of PEG-catalase.
The right panel shows grouped data of
ESR intensity expressed in -fold increase
from four separate experiments.
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experiments were insufficient to alter NO� trapping by the
Fe2�(DETC)2 colloid and that the reduction of NO� we observed
after treatment with PEG-catalase was likely due to dimin-
ished activation of eNOS by H2O2.

Additional experiments demonstrated that H2O2-mediated
NO� production appeared specific for angiotensin II. The endo-
thelial production of NO� evoked by 30 min of treatment with
either the calcium ionosphere A23187 (1 �mol/liter) or brady-
kinin (1 �mol/liter) was not affected by PEG-catalase (Fig. 6, A
and B).

NAD(P)H Oxidase-Derived H2O2 Mediates Endothelial NO�

Production in Response to Angiotensin II—To confirm the
above studies and to determine the source of H2O2 that medi-
ates angiotensin II-stimulated NO� production, MAECs from
wild type and p47phox�/� mice were studied. In recent studies,
we have shown that endothelial cells from these mice have
normal expression of the angiotensin II AT1 receptor and an
absence of p47phox and fail to produce O2

. in response to angio-
tensin II (24). Angiotensin II had no effect on NO� production in
MAECs from p47phox�/� mice (Fig. 7). In contrast, angiotensin
II doubled NO� production in endothelial cells cultured from
wild-type C57BL/6 mice. Of note, the calcium ionophore
A23187 stimulated NO� production similarly in the p47phox�/�

and wild-type endothelial cells, indicating that that the lack of
p47phox did not alter the ability of cells to produce NO� to other
stimuli (Fig. 7). These observations strongly suggest that
NAD(P)H oxidase-derived H2O2 plays a pivotal role in mediat-
ing angiotensin II-induced endothelial NO� production.

DISCUSSION

Previous studies have indicated that H2O2 is a potent stim-
ulus for NO� production by endothelial cells and that this seems
to involve activation of eNOS by phosphorylation of serine 1179
and dephosphorylation of threonine 495 (12). In the present
studies, we addressed the question of whether or not H2O2

produced endogenously could activate endothelial cell NO� pro-
duction. To address this question, we examined responses to
angiotensin II, which has previously been shown to increase
both O2

. and peroxynitrite in endothelial cells (14). We found
that angiotensin II stimulates NO� production from endothelial
cells as detected by two distinct methodologies for detection of
the NO� radical and that H2O2 seems to function as an intra-
cellular second messenger in this response. The source of H2O2

is identified to be the endothelial NADPH oxidase, based on
experiments with endothelial cells from p47phox�/� mice. This
H2O2-dependent eNOS signaling pathway seemed to be specific
for angiotensin II, because it was not observed for other ago-
nists, including bradykinin and A23187.

As shown previously, the application of exogenous H2O2 to
endothelial cells caused an acute and potent increase in endo-
thelial NO� production. This seemed to be a direct effect of
H2O2, and it was not mediated by Fenton products of H2O2,
because hydroxyl radical chelators had no effect on this re-
sponse. Data from NO�-specific microelectrode and ESR with
NO�-specific spin trap Fe2�(FETC)2 strongly support the belief
that angiotensin II increases endothelial NO� production. Of
note, this response was prevented by Losartan, suggesting that
it was mediated by the AT1 receptor. It has been reported that
angiotensin IV, a cleavage product of angiotensin II, can stim-
ulate endothelium-dependent vasodilatation and release NO�

in some endothelial cells (25–28). In addition, activation of the
AT2 receptor by angiotensin II has been associated with the
activation of kininogen, bradykinin production, and, ulti-
mately, NO� release via activation of the bradykinin receptor
(29–32). The fact that Losartan inhibited the response to an-
giotensin II in the current studies does not discount these other
mechanisms, as the AT2 and the angiotensin IV receptor may

not be expressed at high levels in bovine aortic endothelial cells
but provides yet another mechanism whereby angiotensin II
can stimulate NO� production. Prima facie, the ability of angio-
tensin II to stimulate NO� release seems at odds with the notion
that angiotensin II causes endothelial dysfunction by increas-
ing reactive oxygen species production and thereby inactivat-
ing NO�. In fact, it is likely, based on previous studies, that
angiotensin II is simultaneously stimulating both O2

. and NO�,
facilitating peroxynitrite production.

Our current findings are in keeping with the concept that
H2O2 can serve as an intracellular signaling molecule. Early
work demonstrated that H2O2 can both activate tyrosine ki-
nases and inhibit tyrosine phosphatases (33, 34). Mitogen-
activated protein kinase (MAPK) family members extracellular
signal-regulated kinase (ERK) 1/2, p38 MAPK, ERK5, and
c-Jun NH2-terminal kinase (JNK) have been shown to be tar-
gets of H2O2 (35–38). H2O2 also mediates epidermal growth
factor (EGF)-induced phosphorylation of its receptor and phos-
pholipase C (39), platelet-derived growth factor (PDGF) stim-
ulation of signal transducers and activators of transcription
(STATs) (40), activation of Akt by angiotensin II (41), and
tyrosine phosphorylation of protein kinase C (42). Activation of
Ras by reactive oxygen species is also potentially quite impor-
tant (43). It has been shown that catalase, after reacting with
H2O2, can activate guanylate cyclase. This seems to occur via a
unique mechanism that is quite different from the heme-medi-
ated activation of guanylate cyclase by nitric oxide (44). Recent
data suggest that H2O2 can activate phosphatidylinositol 3-ki-
nase, leading to phosphorylation of eNOS at serine 1179, which
may contribute to the activation of the enzyme in response to
angiotensin II.

In the present studies, we found that the NADPH oxidase
was essential for angiotensin II stimulation of endothelial cell
NO� production. Cells from p47phox�/� mice demonstrated no
response to angiotensin II, although they produce NO� nor-
mally when stimulated with the calcium ionophore A23187.
This finding is consistent with the concept that angiotensin II
is a potent stimulus for NAD(P)H oxidase activation (1–4).
Whereas most studies have focused on the O2

. production by
this oxidase, either spontaneous or superoxide dismutase-me-
diated dismutation of O2

. could lead to increased levels of in-
tracellular H2O2. Furthermore, recent preliminary studies
from our laboratory have suggested that membranes of vascu-
lar smooth muscle and endothelial cells produce about 4-fold

FIG. 7. Role of the NAD(P)H oxidase-derived H2O2 in angioten-
sin II signaled endothelial NO� production. Mouse aortic endothe-
lial cells from wild type or p47phox�/� animals were treated with either
angiotensin II or A23187, and NO� production was determined by ESR.
Grouped data of ESR intensity from four separate experiments were
expressed as -fold increase.
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more H2O2 than O2
. when stimulated by the addition of

NAD(P)H. Although the Fe2� center of this enzyme would be
expected to mediate only a one-electron reduction of oxygen
and thus produce only O2

., it may be that the release of the
O2

. is electrostatically hindered so that H2O2, after spontaneous
dismutation, is favored. Nevertheless, our data would indicate
that this enzyme clearly releases sufficient H2O2 to modulate
eNOS activation upon stimulation of cells with angiotensin II

In summary, the present study provides direct evidence that
endogenous H2O2, derived from the NAD(P)H oxidase, medi-
ates NO� production in response to angiotensin II in endothelial
cells. In disease conditions associated with elevated angioten-
sin II levels, this response may represent a compensatory
mechanism. Because angiotensin II also stimulates O2

. produc-
tion from the NAD(P)H oxidase, the H2O2 stimulation of NO�

may facilitate peroxynitrite formation in response to this
octapeptide.

REFERENCES

1. Griendling, K. K., Minieri, C. A., Ollerenshaw, J. D., and Alexander, R. W.
(1994) Circ. Res. 74, 1141–1148

2. Bayraktutan, U., Draper, N., Lang, D., and Shah, A. M. (1998) Cardiovasc.
Res. 38, 256–262

3. Zhang, H., Schmeisser, A., Garlichs, C. D., Plotze, K., Damme, U., Mugge, A.,
and Daniel, W. G. (1999) Cardiovasc. Res. 44, 215–222

4. Lang, D., Mosfer, S. I., Shakesby, A., Donaldson, F., and Lewis, M. J. (2000)
Circ. Res. 86, 463–469

5. Cai, H., and Harrison, D. G. (2000) Circ. Res. 87, 840–844
6. Rajagopalan, S., Kurz, S., Munzel, T., Tarpey, M., Freeman, B. A., Griendling,

K. K., and Harrison, D. G. (1996) J. Clin. Invest. 97, 1916–1923
7. Laursen, J. B., Rajagopalan, S., Galis, Z., Tarpey, M., Freeman, B. A., and

Harrison, D. G. (1997) Circulation 95, 588–593
8. Warnholtz, A., Nickenig, G., Schulz, E., Macharzina, R., Brasen, J. H., Skatch-

kov, M., Heitzer, T., Stasch, J. P., Griendling, K. K., Harrison, D. G., Bohm,
M., Meinertz, T., and Munzel, T. (1999) Circulation. 99, 2027–2033

9. Griendling, K. K., and Ushio-Fukai, M. (2000) Regul. Pept. 91, 21–27
10. Drummond, G. R., Cai, H., Davis, M. E., Ramasamy, S., and Harrison, D. G.

(2000) Circ. Res. 86, 347–354
11. Cai, H., Davis, M. E., Drummond, G. R., and Harrison, D. G. (2001) Arterio-

scler. Thromb. Vasc. Biol. 21, 1571–1576
12. Thomas, S. R., Chen, K., and Keaney, J. F., Jr. (2002) J. Biol. Chem. 277,

6017–6024
13. Saito, S., Hirata, Y., Emori, T., Imai, T., and Marumo F. (1996) Hypertens. Res.

19, 201–206
14. Pueyo, M.E., Arnal, J. F., Rami, J., and Michel, J. B. (1998) Am. J. Physiol.

274, C214–C220
15. Thorup, C., Kornfeld, M., Goligorsky, M. S., and Moore, L. C. (1999) J. Am. Soc.

Nephrol. 10, S220–S224
16. Friedemann, M. N., Robinson, S. W., and Gerhardt, G. A. (1996) Anal. Chem.

68, 2621–2628
17. Kleschyov, A. L., Mollnau, H., Oelze, M., Meinertz, T., Huang, Y., Harrison,

D. G., and Munzel, T. (2000) Biochem. Biophys. Res. Commun. 275,
672–677

18. Hsieh H. J., Cheng, C. C., Wu, S. T., Chiu, J. J., Wung, B. S., and Wang, D. L.
(1998) J. Cell. Physiol. 175, 156–162

19. Nickenig, G., and Harrison, D. G. (2002) Circulation 105, 393–396
20. Beckman, J. S., Minor, R. L., Jr., White, C. W., Repine, J. E., Rosen, G. M., and

Freeman, B. A. (1988) J. Biol. Chem. 263, 6884–6892
21. Denicola, A., Souza, J. M., Radi, R., and Lissi, E. (1996) Arch. Biochem.

Biophys. 328, 208–212
22. Malinski, T., Taha, Z., Grunfeld, S., Patton, S., Kapturczak, M., and Tombou-

lian, P. (1993) Biochem. Biophys. Res. Commun. 193, 1076–1082
23. Brunelli, L., Yermilov, V., and Beckman, J. S. (2001) Free Radic. Biol. Med. 30,

709–714
24. Landmesser, U., Cai, H., Dikalov, S., McCann, L., Hwang, J., Jo, H. S. M. H.,

and Harrison, D. G. (2002) Hypertension 40, 511–515
25. Seyedi, N., Xu, X., Nasjletti, A., and Hintze, T. H. (1995) Hypertension 26,

164–170
26. Kramar, E. A., Krishnan, R., Harding, J. W., and Wright, J. W. (1998) Regul.

Pept. 74, 185–192
27. Patel, J. M., Martens, J. R., Li, Y. D., Gelband, C. H., Raizada, M. K., and

Block, E. R. (1998) Am. J. Physiol. 275, L1061–L1068
28. Hill-Kapturczak, N., Kapturczak, M. H., Block, E. R., Patel, J. M., Malinski, T.,

Madsen, K. M., and Tisher, C. C. (1999) J. Am. Soc. Nephrol. 10, 481–491
29. Gohlke, P., Pees, C., and Unger, T. (1998) Hypertension 31, 349–355
30. Siragy, H. M., Inagami, T., Ichiki, T., and Carey, R. M. (1999) Proc. Natl. Acad.

Sci. U. S. A. 96, 6506–6510
31. Tsutsumi, Y., Matsubara, H., Masaki, H., Kurihara, H., Murasawa, S., Takai,

S., Miyazaki, M., Nozawa, Y., Ozono, R., Nakagawa, K., Miwa, T., Kawada,
N., Mori, Y., Shibasaki, Y., Tanaka, Y., Fujiyama, S., Koyama, Y., Fu-
jiyama, A., Takahashi, H., and Iwasaka, T. (1999) J. Clin. Invest. 104,
925–935

32. Moore, A. F., Heiderstadt, N. T., Huang, E., Howell, N. L., Wang, Z. Q., Siragy,
H. M., and Carey, R. M. (2001) Hypertension 37, 1285–1291

33. Hayes, G. R., and Lockwood, D. H. (1987) Proc. Natl. Acad. Sci. U. S. A. 84,
8115–8119

34. Sullivan, S. G., Chiu, D. T., Errasfa, M., Wang, J. M., Qi, J. S., and Stern, A.
(1994) Free Radic. Biol. Med. 16, 399–403

35. Sundaresan, M., Yu, Z. X., Ferrans, V. J., Irani, K., and Finkel, T. (1995)
Science 270, 296–299

36. Ushio-Fukai, M., Alexander, R. W., Akers, M., and Griendling, K. K. (1998)
J. Biol. Chem. 273, 15022–15029

37. Abe, J., Takahashi, M., Ishida, M., Lee, J. D., and Berk, B. C. (1997) J. Biol.
Chem. 272, 20389–20394

38. Yoshizumi, M., Abe, J., Haendeler, J., Huang, Q., and Berk, B. C. (2000)
J. Biol. Chem. 275, 11706–11712

39. Bae, Y. S., Kang, S. W., Seo, M. S., Baines, I. C., Tekle, E., Chock, P. B., and
Rhee, S. G. (1997) J. Biol. Chem. 272, 217–221

40. Simon, A. R., Rai, U., Fanburg, B. L., and Cochran, B. H. (1998) Am. J. Physiol.
275, C1640–C1652

41. Ushio-Fukai, M., Alexander, R. W., Akers, M., Yin, Q., Fujio, Y., Walsh, K., and
Griendling, K. K. (1999) J. Biol. Chem. 274, 22699–22704

42. Konishi, H., Tanaka, M., Takemura, Y., Matsuzaki, H., Ono, Y., Kikkawa, U.,
and Nishizuka, Y. (1997) Proc. Natl. Acad. Sci. U. S. A. 94, 11233–11237

43. Lander, H. M., Ogiste, J. S., Teng, K. K., and Novogrodsky, A. (1995) J. Biol.
Chem. 270, 21195–21198

44. Mohazzab, H. K., Agarwal, R., and Wolin, M. S. (1999) Am. J. Physiol. 276,
H235–H241

H2O2-dependent NO� Stimulation by Angiotensin II 48317


