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Angiotensin II Induces a Rapid and Transient
Increase of Reactive Oxygen Species
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ABSTRACT

Vascular smooth muscle cells (VSMC) exhibit a hypertrophic and contractile response after angiotensin II
(Ang II) treatment, and the NADH/NADPH oxidase-dependent synthesis of hydrogen peroxide (H,0,) seems
to play a central role in these responses. Present experiments were designed to analyze the mechanisms re-
sponsible for the rapid changes induced by Ang Il in the intracellular H,0, concentration in VSMC. Ang Il in-
duced a quick and transient increase of dichlorodihydrofluorescein (DCHF) fluorescence in VSMC, an effect
that was completely abolished by catalase and by diethyldithiocarbamate, a cell-permeable superoxide dismu-
tase inhibitor. Losartan and pertussis toxin prevented the stimulatory effect of Ang II. Both diphenylene iodo-
nium (NADH/NADPH oxidase blocker) and 3-(4-octadecylbenzoyl)acrylic acid (phospholipase A2 blocker)
inhibited the changes in DCHF fluorescence induced by Ang II, in a dose-dependent fashion, and the effects of
both inhibitors were additive. These data demonstrate that Ang Il induces a very quick and transient increase
of H,0,in VSMC. This effect depends on the receptor type 1, is linked to a G protein, and involves both
NADH/NADPH oxidase and phospholipase A2 activation. The mechanism may be related to the previously

proposed role of H,O, in the genesis of the Ang Il-induced cell contraction. Antioxid. Redox Signal. 4, 869-875.

INTRODUCTION

ANGIOTENSIN IT (Ang II) is now considered not only an
important physiological regulator of vascular tone or al-
dosterone secretion, but also a growth factor for some cell
lines. Vascular smooth muscle cells (VSMC) exhibit a
hyperplastic-hypertrophic response after Ang II treatment (5,
11, 19), and the mechanisms responsible for this effect are
rather well outlined. NADH/NADPH oxidase plays a central
role in this mechanism. After activation by Ang II, the en-
zyme synthesizes significant amounts of superoxide anion
and, in the presence of superoxide dismutase (SOD), hydro-
gen peroxide (H,0,) (2, 7, 12, 22). Both reactive oxygen in-
termediates (ROI) are able to modify the activity of intracel-
lular kinases (20, 21, 24) and/or trancription factors (9, 14),
thus modifying nuclear cell activity.

The Ang II-dependent increased ROI synthesis takes place
as early as 1 min after Ang II stimulation, and it is sustained
for at least 4 h (20). This pattern of response suggests a mod-
ulation of NADH/NADPH oxidase activity and content by
Ang II (4, 20). Some studies have proposed that the activation
of this oxidase by Ang II depends on arachidonic acid
metabolites (23), perhaps derived ultimately from phospholi-
pase D-mediated phosphatidylcholine hydrolysis (18).

Recently, some authors have proposed that ROI could also
mediate other Ang II effects not linked to nuclear activation,
particularly cell contraction (18). Changes in intracellular cal-
cium concentration or in the activity of different enzymes
such as calcium calmodulin-dependent myosin light kinase,
protein kinase C, and myosin light chain phosphatase have
been proposed as the main mechanisms involvedin the regula-
tion of smooth muscle cell contraction (8). However, catalase
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abrogates the contractile effect of different vasoactive agonists
in VSMC and mesangial cells, suggesting a role for H,0, in
the regulation of contractility (17).

In that study, Torrecillas et al. demonstrated that Ang II in-
duced a very quick increase of H,0, concentration in VSMC
(17), but they did not explore the mechanisms involved in this
process. The previously described NADH/NADPH oxidase
system may be also responsible for this stimulation, but alter-
native pathways could be considered. The present experi-
ments were designed to analyze the mechanisms involved in
the genesis of the rapid changes induced by Ang II in the in-
tracellular H,O, concentration in VSMC.

MATERIALS AND METHODS

Materials

Collagenase type IV, Ang II, catalase, diphenylene iodo-
nium (DPI), H,0,, diethyldithiocarbamate (DETC), indo-
methacin, and pertussis toxin were purchased from Sigma
(St. Louis, MO, U.S.A.). 3-(4-Octadecylbenzoyl)acrylic acid
(OBAA) was from Calbiochem—Novabiochem Corp. (La
Jolla, CA, U.S.A.). 2',7'-Dichlorodihydrofluorescein diac-
etate (DCHF-DA) was obtained from Molecular Probes (Eu-
gene, OR, U.S.A.). Dulbecco’s modified Eagle’s medium
(DMEM)/F-12, fetal calf serum, trypsin-EDTA (0.02%), and
penicillin-streptomycin were purchased from Biowhittaker
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FIG. 1. Evaluation of DCHF responses to different ROI in
solutions without cells. Different reagents were added to
aqueous solutions containing the probe (20 uM ), and fluores-
cence changes were registered. (A) Xanthine (X; 100 uM ) and
xanthine oxidase (XO; 1 U/L). (B) The same concentrations of
X and XO plus SOD (100 U/ml). (C) The same concentrations
of X and XO with DETC (1 uM). (D) H,0, (1 mM). Results
shown are representative of five experiments.
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FIG. 2. Changes in DCHF fluorescence in the presence of
Ang IT (1 pM). Cells were loaded with the probe, incubated
with the different reagents, and fluorescence changes were reg-
istered. (A and B) Ang II alone or in the presence of catalase
(CAT; 80 U/ml). Results shown are representative of five ex-
periments. (C) Ang II in the presence of different concentra-
tions of DETC. Results shown are the means + SEM of five dif-
ferent experiments, and they are expressed as percentage of the
signal elicited by Ang II. *p < 0.05 vs. cells without DETC.

(Walkersville, MD, U.S.A.). Culture plates were from Nunc
(Kamstrup, Denmark). All the other reagents were of the
highest commercially available grade.

Cell culture

VSMC were obtained from thoracic aortas from Wistar
rats by methods described previously (3, 17). In brief, Wistar
rats (125-200 g) were killed and thoracic aortas were re-
moved, cleaned of surrounding tissues, dissected into small
strips, and incubated in DMEM/F-12 medium with collage-
nase type IV at 37°C for 45 min. The digested strips were
seeded onto 100-mm-diameter dishes and maintained in 10
ml of DMEM/F-12 medium with 10% fetal calf serum, at
37°C, in a humidified atmosphere of 5% CO,. Confluent cul-
tures were serially passaged by trypsinization (trypsin-
EDTA) The cells were used between the second and fourth
passages. Cells exhibited characteristics of VSMC (3, 17).

Measurement of the H,O, synthesis

H,0, synthesis by VSMC was measured by using DCHF-
DA, a fluorescent probe that has been proved useful for the
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measurement of different ROI, including H,0, (10). DCHF-
DA diffuses readily to the intracellular compartment, where it
is desacetylated to the non-membrane-permeable DCHF.
Then, during the cellular production of H,0,, DCHF is oxi-
dized and emits a fluorescent signal.

For the measurement, cells were plated onto 12-mm glass
coverslips in a 24-well plate. When cells reached confluence,
the medium in the dish was replaced, and cells were washed
twice with a Krebs—Ringer—-HEPES (KRH) solution (125 mM
CaCl,, 5 mM KCl, 1.2 mM MgSO,, 1.2 mM KH,PO, 2 mM
CaCl,, 6 mM glucose, and 25 mM HEPES, pH 7.4). Then
VSMC were incubated with 20 uM DCHF-DA for 30 min at
37°C. Thereafter, coverslips were removed from the plate,
and cells were then washed twice with KRH and placed in
fresh KRH (30 min, 37°C). Fluorescence measurements were
performed essentially as described by Torrecillas et al. (17),
by placing the glass coverslips in a diagonal position at 30°
angle to the incident light, inside a standard 1-cm square cu-
vette containing 1.5 ml of KRH. Fluorescence measurements
were made with a Perkin—Elmer LB, 50B-fluorescence spec-
trophotometer, and excitation and emission wavelengths were
488 and 525 nm, respectively. Thereafter, the different
reagents were added. Rapid mixing of the agents was
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FIG. 3. Changes in DCHF fluorescence in the presence of
different Ang II concentrations. Cells were loaded with the
probe, incubated with increasing Ang II concentrations, and
fluorescence changes were registered. The upper part of the
figure shows a representative experiment with different Ang II
concentrations. In the lower part, the means + SEM of five dif-
ferent experiments are shown. *p < 0.05 vs. control values.
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FIG. 4. Changes in DCHF fluorescence in the presence of
different H,O, concentrations. Cells were loaded with the
probe, incubated with increasing H,0, concentrations, and flu-
orescence changes were registered. The results shown are rep-
resentative of five different experiments.

achieved by continuous stirring with a magnetic bar placed at
the bottom of the cuvette. The fluorescent signal was regis-
tered as a function of time.

Experimental design

Before the experiments in cells were performed, the speci-
ficity of the DCHF-dependent signals was tested in aqueous
solution without cells. DCHF-DA (20 pM) in KRH was chem-
ically desacetylated and incubated with 100 uM xanthine plus
1 U/L xanthine oxidase, with or without SOD (100 U/ml) and
DETC (1 uM), as well as with 1 mM H,0,.

For experiments on cells, variable concentrations of Ang II
and H,0, were used. These reagents were directly added to
the cuvette containing the coverslip, as described. Catalase
(80 U/ml) and losartan (1 uM), a competitive antagonist of
the Ang Il type 1 receptor, were also added to the cuvette, im-
mediately before Ang II (10 s). In other experiments, cells
were incubated with variable concentrations of DETC, DPI,
and OBAA, or with 1 pM indomethacin for 30 min before in-
cluding the covers in the cuvette. The incubation time was
18 h in the case of pertussis toxin (0.5 pg/ml).

Statistical analysis

In all cases, the data shown are the means + SEM of a
variable number of experiments (see legends to the figures),
and in some cases they are expressed as percentage of the
control values. As the number of data in each distribution was
never >10, nonparametric statistics, particularly Friedman’
test, was selected to compare the different groups of results.
A p <0.05 was considered statistically significant.
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FIG. 5. Importance of the receptor type and G proteins in
the Ang II (1 pM)-dependent changes in DCHF fluores-
cence. Cells were loaded with the probe, incubated with the
different reagents, and fluorescence changes were registered.
(A) Ang II. (B) Ang Il in the presence of losartan (LOS; 1 uM).
(C) Ang 1II in the presence of pertussis toxin (PTx; 0.5 pg/ml).
Results shown are representative of five different experiments.

RESULTS

The specificity of the DCHF fluorescent signal was tested
in some preliminary experiments included in Fig. 1, per-
formed without cells. Xanthine plus xanthine oxidase did not
induce any change in fluorescent signal (Fig. 1A), but a sig-
nificant and progressive fluorescence increase was observed
when the reaction was performed in the presence of SOD
(Fig. 1B). As expected, DETC prevented the SOD effect
(Fig. 1C), and the direct addition of H,O, induced a sustained
fluorescent signal (Fig. 1D). Catalase prevented the changes
in fluorescent signals in all cases.

Ang Il induced a rapid, transient, and significant increase of
probe fluorescence in VSMC (Fig. 2). It appeared within 2—4 s
of peptide addition (Fig. 2A), remained elevated for ~1-2 s
(Fig. 2A), and was prevented by previous incubation with
catalase (Fig. 2B) and DETC (Fig. 2C). The pattern of re-
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sponse was dependent on the Ang II dose (Fig. 3). Moreover,
the changes in probe fluorescence in response to Ang Il were
qualitatively similar to those observed after H,O, treatment
(Fig. 4). Thus, the quantitative changes in fluorescence inten-
sity elicited by 1 uM Ang Il and 1 mM H,0, were comparable.

In order to analyze the mechanisms involved in the rapid
changes in probe fluorescence after Ang II incubation, differ-
ent experiments were performed. First, losartan and pertussis
toxin completely prevented the Ang II effect on cells (Fig. 5).
Second, both DPI, an NADH/NADPH oxidase inhibitor, and
OBAA, a phospholipase A2 blocker, inhibited the Ang II-
induced changes in probe fluorescence in a dose-dependent
fashion (Fig. 6). Third, the blocking effects of DPI and OBAA
were additive, as shown in the Fig. 7. The presence of low
doses of DPI and OBAA in the incubation media induced an
inhibition of the Ang II-induced changes in DCHF fluores-
cence that was significantly higher than the blockade ob-
served with any particular drug at a comparable concentra-
tion. Fourth, indomethacin, a cyclooxygenase inhibitor, also
completely prevented the fluorescence changes induced by
Ang II (Fig. 8). In vitro assays of the intrinsic antioxidant
properties of the above-mentioned drugs, performed in aque-
ous solution containing the probe, the drug, and exogenously
added H,O,, discarded the potentially intrinsic antioxidant
role of these compounds, as they did not prevent the H,0,-
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FIG. 6. Importance of two different ROI generating sys-
tems in the Ang II (1 pM)-dependent changes in DCHF
fluorescence. Cells were loaded with the probe, incubated
with the different reagents, and fluorescence changes were reg-
istered. (A) Ang II in the presence of different concentrations
of DPI. (B) Ang II in the presence of different concentrations of
OBAA. In both panels, results shown are the means + SEM of
five different experiments, and they are expressed as percent-
age of the signal elicited by Ang II. *p < 0.05 vs. Ang II-treated
cells.
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FIG. 7. Analysis of the interactions between phospholipase
A2 and NADH/NADPH oxidase in the Ang II (1 pM)-
dependent changes in DCHF fluorescence. Cells were
loaded with the probe, incubated with the different reagents,
and fluorescence changes were registered. (A) Ang II in the
presence of OBAA (200 pM), DPI (200 pM), or both (100 pM
OBAA plus 100 pM DPI). (B) Ang Il in the presence of OBAA
(2 nM), DPI (2 nM), or both (1 nM OBAA plus 1 nM DPI). In
both panels, results shown are the means + SEM of five dif-
ferent experiments, and they are expressed as percentage of
the signal elicited by Ang II. *p < 0.05 vs. Ang II-treated cells.
**p < 0.05 vs. the other groups.

dependent increased DCHF fluorescence. Moreover, other
pharmacological antagonists such as sulotroban (thrombox-
ane A2 receptor blocker) or BN 52021 (platelet activating
factor blocker) did not modify the Ang II-dependent signals
(datanot shown).
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FIG. 8. Importance of cyclooxygenasein the Ang IT (1 pM)-
dependent changes in DCHF fluorescence. Cells were
loaded with the probe, incubated with the different reagents,
and fluorescence changes were registered. (A) Ang II. (B) Ang
I in the presence of indomethacin (IND; 1 uM). Results shown
are representative of five different experiments.
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DISCUSSION

The present results demonstrate that Ang Il induces a very
rapid and transient increase in DCFH fluorescence in VSMC,
which probably reflects a burst of H,O, production. Different
results support this conclusion. First, in aqueous solutions,
the probe fluorescence was modified only in the presence of
H,0,. The coincubation of xanthine plus xanthine oxidase is
a widely accepted system for superoxide anion generation
and, by the action of SOD, H,0, synthesis (1). In our experi-
ments, xanthine plus xanthine oxidase only elicited fluores-
cent signals when active SOD was present in the incubation
media or when H,0, was directly added to the solution, thus
supporting the lack of response of the dye to superoxide
anion. Second, the increased DCHF fluorescence elicited by
Ang II was completely abolished by by catalase, a specific
H,0, scavenger (1). Although catalase, which was added to
the incubation media, does not readily cross cell membranes
(15), H,0, does, and it is quickly scavenged by extracellular
catalase (17). Third, the pattern of cell response after Ang 11
incubation was qualitatively similar to the fluorescent
changes observedin the presence of H,0,.

The mechanism responsible for this rapid and transient
increase in the synthesis of H,0, elicited by Ang Il seems to
be comparable to that previously described for later and
more sustained stimulations (2, 7, 12, 16, 19, 22). The effect
depended on the Ang II type 1 receptor, coupled to a G pro-
tein, because it was prevented by losartan and pertussis
toxin. Moreover, the H,O, generation pathway activated by
Ang Il involved the NADH/NADPH oxidase-dependent syn-
thesis of superoxide anion, as DPI, an NADH/NADPH oxi-
dase inhibitor, and DETC, a cell-permeable SOD blocker,
abolished the changes in DCHF fluorescence induced by
Ang II.

On the other hand, the pharmacological blockade of phos-
pholipase A2 with OBAA also prevented the changesin H,O,
induced by Ang II. This inhibitory effect was quantitatively
comparable to that of DPI. Two mechanisms can account for
the effects of OBAA. It could be suggested that the Ang II-
dependent NADH/NADPH oxidase activation depends on a
previous phospholipase A2 stimulation, because it has been
demonstrated that increased activities of phospholipase A2
are readily detected after Ang II treatment (13). The relation-
ship between the rapid metabolism of membrane phospho-
lipids and NADH/NADPH oxidase activity has been previ-
ously reported, but rather linked to the phospholipase D
action (13). Recently, Gorin et al. stressed the importance
of an arachidonic acid/redox-dependent pathway in the acti-
vation of Akt/protein kinase B by Ang II (6), suggesting a
possible interaction between phospholipase A2 and NADH/
NADPH oxidase. Thus, it could be proposed that the ob-
served OBAA-dependent blockade was due indirectly to the
NADH/NADPH oxidase inhibition, as phospholipase A2
could be involved in the activation of this enzyme. However,
an alternative explanation may be suggested. Ang II could ac-
tivate simultaneously both enzymes, generating H,0O, by at
least two different mechanisms. To test this possibility, simul-
taneous incubations with both pharmacological antagonists
were performed, and it was possible to demonstrate that both
blockades were additive, suggesting the simultaneous activa-
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tion of NADH/NADPH oxidase and phospholipase A2 by
Ang II, with the subsequently increased synthesis of ROI.

Two characteristics of the Ang Il-dependent H,O, burst
shown in these experiments must be considered. First, it dis-
appears very quickly, probably because the newly generated
ROI are readily removed by antioxidant intracellular en-
zymes, as was the case of the direct addition of H,0, to cells.
Second, it takes place in seconds, almost immediately after
stimulus addition. This kind of response suggests a possible
role of the system in the regulation of short-term cell func-
tions, such as contraction. In this sense, previous results from
our group demonstrate that catalase blocks the calcium peak
and cell contraction elicited by Ang II (17), stressing the role
of H,0, as a second messenger of Ang II in the regulation of
different cell functions.

In summary, the present results demonstrate that Ang Il in-
duces a very quick and transient increase of H,0, in VSMC.
This effect depends on the receptor type 1, was linked to a G
protein, and involves both NADH/NADPH oxidase and phos-
pholipase A2 activation. The mechanism may be linked to the
previously proposedrole of H,O, in the genesis of the Ang II-
induced cell contraction.

Perspectives

The present results suggest that the metabolism of arachi-
donic acid by cyclooxygenase, following the activation of
phospholipase A2, is also a relevant mechanism of Ang II-
induced H,0, synthesis, but more extensive experiments are
needed to carefully explore this pathway.
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ABBREVIATIONS

Ang II, angiotensin II; DCHF-DA, 27,7 -dichlorodihydmo-
fluorescein diacetate; DETC, diethyldithiocaibamate; DMEM,
Dulbecco’s modified Eagle’s medium; DPI, diphenylene iodo-
nium; H202, hydrogen peroxide; KRH, Krebs—Ringer-HEPES;
OBAA, 3-(4-octadecybenzoyl)acrylicacid; ROI, reactive oxy-
gen intermediate; SOD, superoxide dismutase; VSMC, vascu-

lar smooth muscle cells.
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