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Angiotensin II Stimulates NADH and NADPH
Oxidase Activity in Cultured Vascular

Smooth Muscle Cells
Kathy K. Griendling, Candace A. Minieri, Jeremy D. Ollerenshaw, R. Wayne Alexander

Abstract The signaling pathways involved in the long-term
metabolic effects of angiotensin II (Ang II) in vascular smooth
muscle cells are incompletely understood but include the
generation of molecules likely to affect oxidase activity. We
examined the ability of Ang II to stimulate superoxide anion
formation and investigated the identity of the oxidases respon-
sible for its production. Treatment of vascular smooth muscle
cells with Ang II for 4 to 6 hours caused a 2.7+0.4-fold
increase in intracellular superoxide anion formation as de-
tected by lucigenin assay. This superoxide appeared to result
from activation of both the NADPH and NADH oxidases.
NADPH oxidase activity increased from 3.23 ±0.61 to
11.80±1.72 nmol 02-/min per milligram protein after 4 hours
of Ang II, whereas NADH oxidase activity increased from
16.76+2.13 to 45.00+4.57 nmol 02-/min per milligram pro-
tein. The NADPH oxidase activity was stimulated by exoge-

nous phosphatidic and arachidonic acids and was partially
inhibited by the specific inhibitor diphenylene iodinium.
NADH oxidase activity was increased by arachidonic and
linoleic acids, was insensitive to exogenous phosphatidic acid,
and was inhibited by high concentrations of quinacrine. Both
of these oxidases appear to reside in the plasma membrane, on
the basis of migration of the activity after cellular fractionation
and their apparent insensitivity to the mitochondrial poison
KCN. These observations suggest that Ang II specifically
activates enzyme systems that promote superoxide generation
and raise the possibility that these pathways function as
second messengers for long-term responses, such as hypertro-
phy or hyperplasia. (Circ Res. 1994;74:1141-1148.)
Key Words * NADH oxidase * NADPH oxidase

vascular smooth muscle * angiotensin II * superoxide
anion

A ngiotensin II (Ang II) has multiple effects on

vascular smooth muscle, including contraction
of normal arteries and hypertrophy or hyper-

plasia of cultured cells or diseased vessels.'-4 Although
the signaling mechanisms used by Ang II have been well
characterized, the correlation of second-messenger gen-
eration with specific physiological responses remains
relatively unexplored. One of the most significant gaps
in our understanding of stimulus-response coupling in
this system is the role of phospholipase D (PLD)
activation and the generation of phosphatidic acid (PA).

In cultured vascular smooth muscle cells (VSMCs),
Ang II causes a rapid, sustained activation of PLD-
mediated phosphatidylcholine hydrolysis, resulting in
the formation of PA and, indirectly, diacylglycerol
(DG).5 6Accumulation of both PA and DG is sustained
for the duration of hormone exposure.6 DG, in combi-
nation with increased intracellular Ca2', activates the
serine/threonine kinase, protein kinase C.7 In smooth
muscle cells, it is apparently subsequently degraded via
DG- and monoacylglycerol-lipase to free arachidonic
acid.8 Although a certain portion of the PA formed is
converted to DG,6 the role of the PA that accumulates
remains unknown.

Early studies implicated PA in the regulation of Ca'+
influx.9 More recently, it has been suggested that PA has
a role in mitogenesis.10-14 PAs with a fatty acid compo-
sition resembling that found in phosphatidylcholine

increase thymidine incorporation in fibroblasts10 and
human renal mesangial cells," induce c-fos and c-myc
mRNA expression in A431 cells,12 increase cell number
in mammary epithelial cells,13 and inhibit activation of
GTPase-activating protein.14 In addition, PA induces
the expression of platelet-derived growth factor mRNA
in mesangial cells" and stimulates phospholipase C.15
All of these events have been shown to have a stimula-
tory effect on growth, implying that activation of PLD
might be an early and integral signal in the growth
response. Finally, and perhaps most relevant to the
present study, PA has been shown conclusively to
stimulate NADPH oxidase activity in neutrophils.16-18

This latter observation is interesting because reactive
oxygen intermediates have been proposed to act as
intracellular second messengers19 and thus represent a

potential pathway by which receptor activation could be
transduced to a physiological response. In this regard,
it is interesting to note that oxidase activity and
abnormalities in oxygen metabolism have been shown
to be related to growth in tumor cells.20 In fact, four
different types of antitumor agents inhibit the plasma
membrane redox system,2' implying that the redox
state of the cell may be a common step at which growth
control can be achieved. In VSMCs, xanthine/xanthine
oxidase (which produces H202 and 02-) and H202
itself stimulate proliferation.22 Furthermore, the
NADH oxidase, a plasma membrane-bound protein
that, when activated, produces superoxide, has been
shown to be sensitive to activation by growth factors,
including epidermal growth factor and insulin.23 This
oxidase is stimulated by fatty acids,23 one class of
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second messengers produced by phospholipase A2 or
indirectly from the activation of PLD.

In the present study, we examined the ability of Ang
II to activate both the NADH and NADPH oxidases in
cultured VSMCs. Superoxide anion formation was mea-
sured, and oxidase activity was identified by use of
known activators and inhibitors. We found that long-
term treatment with Ang II causes a large increase in
the activity of both of these enzymes, with the majority
of superoxide anion production deriving from the
NADH oxidase. These observations suggest that reac-
tive oxygen intermediates may be part of the normal
intracellular signaling mechanisms stimulated by Ang II
in cultured VSMCs.

Materials and Methods
Cell Culture
VSMCs were isolated from rat thoracic aorta by enzymatic

digestion as described previously.24 Cells were grown in Dul-
becco's modified Eagle's medium supplemented with 10% calf
serum, 2 mmol/L glutamine, 100 U/mL penicillin, and 100
,ug/mL streptomycin and were passaged twice a week by
harvesting with trypsin:EDTA and seeding into 80-cm2 flasks.
For experiments, cells between passage levels 6 and 20 were
seeded into 100-mm dishes, fed every other day, and used at
confluence.

Measurement of Superoxide Anion Production in
Intact Cells

Lucigenin, an acridylium dinitrate compound that emits
light on reduction and interaction with the superoxide anion,25
was used to measure superoxide anion production. Control
cells or cells treated with Ang II were harvested from the dish
with type I collagenase (1 mg/mL, in the presence of 1 mg/mL
soybean trypsin inhibitor and 2 mg/mL bovine serum albu-
min). Cells were pelleted by centrifugation (200g, 4°C, 5
minutes), the supernatant was discarded, and the pellet resus-
pended in a balanced salt solution of the following composi-
tion (mmol/L): NaCl 130, KCl 5, MgCl2 1, CaCl2 1.5, phospho-
ric acid 35, and HEPES 20, pH 7.4. After an additional
centrifugation, cells were resuspended at 2x106 cells per
milliliter in balanced salt solution containing 10 mmol/L
glucose and 1 mg/mL bovine serum albumin and stored on ice
until use.
To measure superoxide anion production, 9 x 105 cells were

incubated at room temperature for 5 minutes. To start the
assay, cells were added to a cuvette containing dark-adapted
lucigenin (final concentration, 500 ,umol/L) in balanced salt
solution. Photon emission was measured every 15 seconds for
10 to 15 minutes in a luminometer (model 20, Turner De-
signs). A buffer blank (<5% of the cell signal) was subtracted
from each reading before transformation of the data. The
amount of superoxide produced at each time point was
calculated by comparison with a standard curve generated
using xanthine/xanthine oxidase as described by Ohara et al.26

NADH/NADPH Oxidase Assay
Control cultures or cultures that had been exposed to Ang II

for the indicated times were washed five times with 5 mL
ice-cold phosphate-buffered saline, and cells were scraped
from the plate in 5 mL of this same solution. Samples were
transferred to a 50-mL centrifuge tube, and the plate was
washed twice with an additional 5 mL of phosphate-buffered
saline. Cells were then centrifuged at 750g at 4°C for 10
minutes. The supernatant was discarded, and the pellet was
resuspended (0.5 to 1.0 mL per dish) in lysis buffer containing
protease inhibitors (20 mmol/L monobasic potassium phos-
phate [pH 7.0], 1 mmol/L EGTA, 10 ,ug/mL aprotinin, 0.5
,g/mL leupeptin, 0.7 ,ug/mL pepstatin, and 0.5 mmol/L phe-

nylmethylsulfonyl fluoride). The cell suspension was then
dounced 100 times on ice, and the homogenate was stored on
ice until use. Protein content was measured in an aliquot of the
homogenate by the method of Lowry et al.27
NADH or NADPH oxidase activity was measured by a

luminescence assay in a 50-mmol/L phosphate buffer, pH 7.0,
containing 1 mmol/L EGTA, 150 mmol/L sucrose, 500 gmol/L
lucigenin as the electron acceptor, and either 100 gtmol/L
NADH or 100 gmol/L NADPH as the substrate (final volume,
0.9 mL). This concentration fell well within the linear range of
the assay (1 ,umol/L to 10 mmol/L for NADPH and 1 ,mol/L
to 1 mmol/L for NADH), and neither NADH nor NADPH
was rate limiting over the initial course of the assay. No activity
could be measured in the absence of NADH and NADPH. In
some experiments, inhibitors (diphenylene iodinium [DPI, 100
,umol/L] added 5 minutes before readings, KCN [1 mmol/L],
quinacrine [6 mmol/L], Tiron [10 mmol/L], or superoxide
dismutase [120 U/mL]) or activators (fatty acids [100 ,umol/L]
or PA [100 jig/mL]) were added to the cuvette. The reaction
was started by the addition of 100 ,uL of homogenate (50 to 300
,g protein). Luminescence was monitored as described above
for intact cells.

Cell Fractionation
In some experiments, membranes and cytosol were sepa-

rated by centrifugation, and NADH and NADPH oxidase
activity were measured. These samples were prepared exactly
as described above for the NADPH/NADH oxidase assays,
except that after lysis, cell homogenates were centrifuged at
29 100g for 20 minutes at 4°C. The supernatant (cytosolic
fraction) was removed, and the pellet, containing both plasma
and mitochondrial membranes, was resuspended in the origi-
nal volume of lysis buffer. NADPH and NADH oxidase
activities were then measured as described above.

[3H]Leucine Incorporation
To measure hypertrophy of VSMCs, cells were plated at low

density, grown for 48 hours in Dulbecco's modified Eagle's
medium containing 10% calf serum, and grown for an addi-
tional 72 hours in Dulbecco's modified Eagle's medium con-
taining 1% platelet-poor plasma. Twenty-four hours before
harvest, cells were incubated with [3H]leucine (2 guCi/mL) in
the presence or absence of 100 nmol/L Ang II. Cells were then
washed twice with ice-cold phosphate-buffered saline and
incubated with 5% trichloroacetic acid for 5 minutes at 4°C.
After two additional washes, cells were dissolved in 1 mL 0.4N
NaOH. Duplicate aliquots (0.4 mL) were removed, acidified
with 0.2 mL of iON HCl, and counted in 10 mL Liquiscint in
a liquid scintillation spectrophotometer.

Rate Calculations and Statistical Analysis
Initial rates of enzyme activity were calculated by linear

regression over the first 30 to 120 seconds of exposure to
lucigenin. In general, correlations (R2 values) were .0.9. Rates
are presented as mean-+-SEM, and comparison between
groups was performed by Student's paired two-tailed t test.

Chemicals
All chemicals were of analytical grade or better. Bovine

serum albumin, catalase, and phenylmethylsulfonyl fluoride
were from Boehringer Mannheim. DPI was purchased from
Toronto Research Chemicals, and histidine was from Eastman
Kodak. Collagenase was obtained from Worthington. Soybean
trypsin inhibitor, glutamine, penicillin, streptomycin, and tryp-
sin/EDTA were purchased from GIBCO. [3H]Leucine (140
Ci/mmol) was from Dupont NEN, and Liquiscint was pur-
chased from National Diagnostics. Common buffer salts were
obtained from Fisher. All other chemicals and reagents,
including Dulbecco's modified Eagle's medium with 25
mmol/L HEPES and 4.5 g/L glucose and calf serum, were from
Sigma.
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FIG 1. Graph showing angiotensin l1-induced superoxide pro-
duction in intact vascular smooth muscle cells. Vascular smooth
muscle cells were exposed to angiotensin 11 (100 nmol/L) (c) or
media alone (o) for 4 hours and removed from the culture dish
with collagenase. Cells were added to a cuvette containing
dark-adapted lucigenin in balanced salt solution, and photon
emission was measured in a luminometer. Tracings are from a
representative experiment repeated 15 times.

Results
Superoxide Anion Production in Intact Cells

Stimulation of intact VSMCs with Ang II led to a

significant increase in superoxide anion production (Fig
1). Over the 10 minutes during which superoxide pro-
duction was measured, cells exposed to Ang II fdr 4
hours before the start of the assay produced 2.7+±0.4-
fold more superoxide anion than did control cells
(n=15, P<.0002). This increase could not be inhibited
by the addition of extracellular superoxide dismutase
(50 U/mL) to the cuvette but was almost completely
abolished when the cells were incubated with Tiron (10
mmol/L), a cell-permeant chelator of superoxide (data
not shown). These observations suggest that Ang II

stimulates an increase in intracellular superoxide anion
production, since lucigenin detects both intracellular
and extracellular superoxide anion accumulation.28

Ang II Stimulation of NADPH and NADH
Oxidase Activity
To eliminate any potential barrier to lucigenin entry

presented by the plasma membrane and to examine the
activity of specific intracellular oxidases, we prepared
cell homogenates and assayed NADH and NADPH
oxidase activity. These two oxidase systems were chosen
for further study because preliminary experiments with
oxidase inhibitors in intact cells indicated that they were
the two most important oxidase systems in smooth
muscle, in agreement with data presented by Omar et
al.29 A 4-hour treatment with Ang II caused a large
increase in both NADH and NADPH oxidase activity,
both in terms of initial rate (Table 1) and peak response
(Fig 2).
The time course of Ang II stimulation of these two

oxidases is shown in Fig 3. Surprisingly, the increase in
oxidase activity is not apparent until :1 hour and
continues to increase for at least 6 hours. We were

unable to determine whether this delay required new

protein synthesis, since both cycloheximide (1 ,umol/L,
18 hours) and actinomycin D (0.1 ,ug/mL, 18 hours)
caused a large basal increase in superoxide anion pro-
duction (3.4+0.5-fold [n=4] and 4.0+0.3-fold [n=2],
respectively, for the NADH oxidase).

TABLE 1. Effect of Angiotensin 11 on NADH and NADPH
Oxidase Activity

Initial Rate, nmol 021mrin
per milligram protein

NADPH NADH

Control 3.23±0.61 (n=31) 16.76±2.13 (n=44)

Ang II 11.80±1.72* (n=31) 45.00±4.57* (n=44)

Ang II indicates angiotensin 11. Values are mean±SEM.
Vascular smooth muscle cells were treated with 100 nmol/L

Ang II for 4 hours before homogenization. Superoxide produc-
tion was measured in the presence of either 100 ,umol/L NADPH
or 100 ,umol/L NADH. The initial rate of enzyme activity was
calculated over the first 30 to 120 seconds of exposure to
substrate.
*P<.05 vs control.

The Ang II-induced increase in both NADH and
NADPH oxidase activity was dose dependent between
0.01 and 1000 nmol/L (Fig 4). Activation of these
enzymes was receptor-mediated, since the response
could be blocked by the AT1 antagonist losartan (10
gmol/L) (NADPH, 84±8% inhibition; NADH, 86±7%
inhibition). The shallow nature of this curve suggests
that there may be cooperativity in the signaling cascade
activated during a 4-hour stmnu1Mion withAng H.

Functional Identification of the NADPH Oxidase
In other systems, the NADPH oxidase is a plasma

membrane-bound enzyme that is stimulated by arachi-
donic acid and PA orDG and is inhibited by DPI.16,30 For
further evidence of the specificity of the VSMC NADPH
oxidase, we examined the sensitivity of the enzyme to
these compounds and measured the partitioning of ac-
tivity between membrane and cytosol. As shown in Fig 5,
PA (100 ,g/mL) acutely stimulated NADPH oxidase

60 A

40-

g 20

O@ B
E 300
E

200

100

0 . . . . .
0 2 4 6 8 10

Time (min)

FIG 2. Graphs showing angiotensin 11 stimulation of NADPH and
NADH oxidase activities. Vascular smooth muscle cells were
exposed to angiotensin 11 (100 nmol/L) (filled symbols) or media
alone (open symbols) for 4 hours, homogenized, and added to
a cuvette containing dark-adapted lucigenin in a 50 mmol/L
phosphate buffer. A, NADPH (100 1mol/L) was used as the
substrate. B, NADH (100,mol/L) was used as the substrate.
Please note the difference in scale for the two graphs. Each
tracing is from a representative experiment repeated 31 times for
NADPH and 44 times for NADH. The mean initial rates are given
in Table 1.
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FIG 3. Time course of angiotensin 11 activation of the NADH and
NADPH oxidases. Vascular smooth muscle cells were exposed
to angiotensin 11 (100 nmol/L) for the indicated times, homoge-
nized, and added to a cuvette containing dark-adapted lucigenin
and NADH or NADPH in 50 mmol/L phosphate buffer. Photon
emission was measured, and the initial rate of enzyme activity
was calculated as described in "Materials and Methods." Data
represent the mean+SEM of three experiments each for NADPH
(o) and NADH (a). For NADPH, error bars were smaller than the
width of the symbol.

activity (initial rate [control], 4.22±1.90 nmol 02-/min
per milligram protein; PA, 6.87+2.80 nmol 02-/min per
milligram protein; n=6; P<.05). Arachidonic acid also
increased oxidase activity (Fig 5), whereas dioleoyl-DG
(100 ,g/mL) had no effect (data not shown). Ang
Il-induced NADPH oxidase activity was partially inhib-
ited by a maximal concentration of DPI (100 ,mol/L)
(Fig 6). Quinacrine, an inhibitor of the NADH oxidase,
actually increased NADPH oxidase activity (Fig 7).
On fractionation of cytosol and membranes, all

NADPH activity migrated with the membranes, indicat-
ing that the VSMC NADPH oxidase is membrane-
associated (Table 3). The mitochondrial poison KCN
did not inhibit Ang Il-induced superoxide formation in
the membrane fraction (response to Ang II was
187±44% of that in untreated homogenates [n=2]),
suggesting that the hormone-sensitive NADPH oxidase
resides in the plasma membrane rather than in the
mitochondria.

Functional Identification of the NADH Oxidase
Although the NADH oxidase is less well character-

ized than the NADPH oxidase in hepatocytes, it has
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FIG 4. Graph showing dose dependence of angiotensin 11 (Ang
11)-stimulated NADPH and NADH oxidase activity. Vascular
smooth muscle cells were exposed to Ang II at the indicated
concentration for 4 hours, homogenized, and added to a cuvette
containing dark-adapted lucigenin in 50 mmol/L phosphate
buffer. Photon emission was measured, and the initial rate of
enzyme activity was calculated as described in "Materials and
Methods." Data represent the mean±SEM of six experiments
each for NADPH (c) and NADH (a). Control values were
1.15+0.23 nmol/min per milligram protein for NADPH and
14.63+1.99 nmol/min per milligram protein for NADH.
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FIG 5. Graph showing stimulation of vascular smooth muscle
cell NADPH oxidase by phosphatidic acid and arachidonic acid.
Vascular smooth muscle cells were homogenized and added to
a cuvette containing NADPH and lucigenin alone (o) or lucigenin
and dioleoyl-phosphatidic acid (100 ,ug/mL) (m) or arachidonic
acid (100 ,mol/L) (-). Tracing is from one representative exper-
iment repeated three to six times.

been established that the hormone-sensitive enzyme is
stimulated by fatty acids and lysophospholipids, is in-
hibited by high concentrations of quinacrine, and is
plasma membrane bound.31 In addition, it is thought to
be a flavin-containing enzyme and therefore should be
sensitive to DPI.31-33 We used these characteristics to
further identify the VSMC NADH oxidase.
As shown in Fig 8, arachidonic acid (100 gmol/L),

linoleic acid (100 gmol/L), and stearic acid (100
jamol/L) all caused an acute increase in NADH oxidase
activity. PA (100 ,ug/mL) had almost no effect on
NADH oxidase activity (data not shown). The effect of
these compounds on initial rate of enzyme activity is
given in Table 2. Of the fatty acids tested, arachidonic
acid and linoleic acid were equally effective, whereas
stearic acid was less potent an activator.

Figs 6 and 7 show the sensitivity of the VSMC NADH
oxidase to DPI (100 gmol/L) and quinacrine (6 mmol/
L), respectively. This maximally effective concentration
of quinacrine completely abolished the activation of the
NADH oxidase by Ang II and significantly inhibited
NADH oxidase activity in control cells. This was not
due to nonspecific interference with the lucigenin sig-

0
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c

*60 ~0
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*30 E

E
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DPI -- ++ - ++

FIG 6. Bar graph showing the effect of diphenylene iodinium
(DPI) on NADPH and NADH oxidase activity in vascular smooth
muscle cells. Vascular smooth muscle cells were exposed to
angiotensin 11 (Ang II) or media alone (control) for 4 hours. Cells
were then homogenized and incubated with buffer (-) or 100
s.mol/L DPI (+) for 5 minutes at room temperature immediately
before the assay. Values for the NADPH assay are given on the
left axis; values for the NADH assay are given on the right axis.
Each bar represents the mean ± SEM of the initial rate of enzyme
activity for three (NADH) or four (NADPH) experiments. *P<.05
and **P<.01 for Ang II vs control; tP<.05 for the effect of DPI on
the Ang II signal vs the effect of Ang II alone.
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(Ang II) or media alone (control) for 4 hours. Cells were then

homogenized and added to a cuvette containing lucigenin alone

(-) or lucigenin with 6 mmol/L quinacrine (+). Values for the

NADPH assay are given on the left axis; values for the NADH
assay are given on the right axis. Each bar represents the

mean±SEM of the initial rate of enzyme activity for three
(NADPH) or five (NADH) experiments. *P<.05 and **P<.01 for

Ang II vs control; tPao05 for quinacrine+Ang 11 vs Ang II alone.

nal, since quinacrine actually increased Ang 11-stimu-
lated NADPH oxidase activity (Fig 7). As expected,
DPI also partially inhibited NADH oxidase activation

(Fig 6).
As was true for the NADPH oxidase, NADH oxidase

activity also partitioned with the membrane fraction on

cell fractionation. In fact, there appears to be an

inhibitory factor in the cytosol, since activity in isolated
membranes was actually higher than that in homoge-
nates (Table 3). KCN had no effect on the initial rate of
enzyme activity in cells treated with Ang 11(126+9% of
that in untreated cells, n=4), suggesting that the en-

zyme activity that we are measuring is plasma mem-

brane associated.

Effect of Oxidase Inhibition on VSMC Hypertrophy
To determine whether oxidase inhibition attenuated

Ang II-induced hypertrophy, we quiesced cells for 72
hours in 1% platelet-poor plasma labeled with [3H]leu-
cine to measure protein synthesis and exposed them to
Ang II (100 nmol/L, 24 hours) in the presence or

absence of DPI or quinacrine. In this series of experi-
ments, the cells, by necessity, were exposed to these
inhibitors for 24 hours. Both quinacrine and DPI
showed a tendency to be toxic during this time course,

300

0

CL 200-

0 100

0 2 4 6 8 10
Time (min)

FIG 8. Graph showing fatty acid stimulation of the vascular
smooth muscle cell NADH oxidase. Vascular smooth muscle
cells were homogenized and added to a cuvette containing
NADH and lucigenin alone (o) or lucigenin plus 100 zmol/L
arachidonic acid (c), linoleic acid (u1), or stearic acid (A). Tracing
is from one representative experiment repeated three or four
times (Table 2).

TABLE 2. Activation of Vascular Smooth Muscle Cell
NADH Oxidase by Fatty Acids

Initial Rate, nmol 02-/min
per milligram protein

Control 11.25±2.75 (n=4)

Arachidonic acid 32.47±7.10* (n=4)

Linoleic acid 31.75±6.74* (n=3)

Stearic acid 28.24±12.59 (n=3)

Values are mean±SEM.
Vascular smooth muscle cells were homogenized and added

to a 50 mmol/L phosphate buffer containing lucigenin and 100
gmol/L of the indicated fatty acid. Enzyme activity was measured
over the first 2 minutes of stimulation.
*P<.01 vs control.

indicating the critical importance of these pathways to
cell growth and viability. As shown in Fig 9, Ang II
caused approximately an 80% increase in [3H]leucine
incorporation. DPI (10 ,umol/L) inhibited this increase
by 95±2%. Quinacrine (50 ,umol/L) completely abol-
ished Ang Il-induced hypertrophy, to the point of
interfering with viability.

Validation of the Lucigenin Assay
To verify the specificity of the lucigenin assay for

superoxide anion in vascular smooth muscle cells, we
examined the ability of free radicals and free radical
scavengers to inhibit the lucigenin signal. Both superox-
ide dismutase (120 U/mL) and Tiron (10 mmol/L),
which specifically scavenge superoxide anion,2834-37 in-
hibited the pure superoxide signal produced by xan-
thine/xanthine oxidase (98±0.5% and 99±0.01% inhi-
bition, respectively). No light emission was observed
when H202 (100 ,umol/L) was added to the cuvette (data
not shown).

In intact cells and cell homogenates, the lucigenin
signal was not inhibited by the addition of histidine (1
mmol/L) or azide (100 gmol/L) (to quench singlet
oxygen), mannitol (10 mmol/L) or deferoxamine (10
mmol/L) (to prevent formation or accumulation of
hydroxyl radical), or catalase (2000 U/mL). Superoxide
dismutase (120 U/mL) was relatively ineffective at in-
hibiting superoxide accumulation. As noted above, in
intact cells, no inhibition was seen with superoxide
dismutase, probably because of its inability to enter
cells. In cell homogenates, superoxide dismutase inhib-
ited the Ang IT-stimulated NADPH signal by 33±3%
(n= 13) and the NADH signal by 42±4% (n= 12). The
lack of effectiveness of superoxide dismutase seems to
be a general property of smooth muscle cells,28 possibly
related to the inactivation of superoxide dismutase by
H202.38 Because of this limitation, we chose to use the
nonenzymatic superoxide scavenger Tiron28,34-37 to spe-
cifically inhibit the superoxide signal in these assays.
Tiron (10 mmol/L) completely abolished the lucigenin
signal in Ang TI-stimulated intact cells and inhibited
stimulated NADPH and NADH oxidase assay signals by
73.8±2.9 and 74.5±1.9%, respectively (n=3).

Discussion
The data presented here identify a major new compo-

nent of the intracellular signaling pathways stimulated by
Ang II in VSMCs. Prolonged incubation with Ang II led
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TABLE 3. Fractionation of NADPH and NADH Oxidase Activity Between Vascular
Smooth Muscle Cell Membranes and Cytosol

Initial Rate, nmol 02/min per milligram protein

NADPH (n=5) NADH (n=6)

Control Ang II Control Ang II

Homogenate 3.91±1.20 12.43±3.93 14.15±6.74 31.80±11.82

Membranes 8.20±1.49 22.75±3.77 143.66±17.00 215.15±41.35

Cytosol 0.16±0.03 0.11±0.03 0.47±0.20 0.16±0.07

Ang II indicates angiotensin 11. Values are mean±SEM.
Vascular smooth muscle cells were treated with 100 nmol/L Ang II for 4 hours, and membranes and

cytosol were separated as described in "Materials and Methods." The initial rate of superoxide
formation was measured in equivalent aliquots of each fraction, and rates were normalized to protein.

to an activation of both the NADPH and NADH oxi-
dases, with a resultant increase in intracellular superox-
ide generation. Free radicals such as superoxide have
numerous effects on cell function, including induction of
growth,22 regulation of kinase activity,38.39 lipid peroxida-
tion,40 and inactivation of nitric oxide.41 Thus, superoxide
or its metabolites can function as intercellular and intra-
cellular second messengers, transducing receptor stimu-
lation into a biochemical response. The slow onset of
NADH and NADPH oxidase activation in VSMCs stim-
ulated with Ang II and the ability of oxidase inhibitors to
attenuate hypertrophy make it likely that in this system,
superoxide is involved in the long-term metabolic re-
sponse of VSMCs to Ang II.

In cultured VSMCs, the largest source of hormone-
sensitive superoxide anion formation appears to be the
NADH oxidase. Most of the data available concerning
the NADH oxidase have been gathered in plant or liver
cells.2331 The plasma membrane NADH oxidase ap-
pears to be an intrinsic membrane protein that is
stimulated by growth factors, lysophosphatidylcholine,
and linoleic acid.23'31 The best inhibitor of the NADH
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FIG 9. Bar graph showing attenuation of angiotensin 11 (Ang
11)-induced hypertrophy by diphenylene iodinium (DPI) and
quinacrine (Quin). Vascular smooth muscle cells were quiesced
for 72 hours in 1% platelet-poor plasma, labeled with [3H]leucine,
and exposed to Ang 11 (100 nmol/L) in the presence or absence
of DPI (10 gmol/L) or Quin (50 ,tmol/L) for 24 hours. [3H]Leucine
incorporation was measured as described in "Materials and
Methods." Data are expressed as the percent increase in
[3H]leucine incorporation induced by Ang II over the appropriate
control. Each bar represents the mean of two (Quin) or three
(DPI) experiments performed in triplicate. **P<.01 for increase
in the presence of inhibitor vs increase with Ang II alone. Quin
was toxic to the cells.

oxidase is quinacrine (called atebrin in the older liter-
ature),3l but inhibition has also been seen by quinone
analogues, calcitriol, and retinoic acid.31.42
The Ang Il-sensitive VSMC NADH oxidase appears

to have characteristics similar to those described in
liver, except that the VSMC enzyme is insensitive to
chloroquine (authors' unpublished observations). Fatty
acids are potent stimuli of VSMC NADH oxidase
activity, and quinacrine completely abolishes NADH-
dependent superoxide generation. Preliminary data re-
cently reported suggest that a microsomal NADH oxi-
dase accounts for the vast majority (>94%) of the
superoxide generated basally in pulmonary artery
smooth muscle.29 This agrees well with our observation
that the NADH oxidase generates four to five times
more superoxide anion than the NADPH oxidase, al-
though in cultured VSMCs, the NADH oxidase activity
does not migrate with the microsomal fraction (cytosolic
fraction in Table 3).
The NADPH oxidase has been most extensively

studied in neutrophils, where it is a plasma mem-
brane-associated enzyme responsible for the respira-
tory burst essential to the microbicidal activity of
these cells.43-4 Neutrophil NADPH oxidase activity
can be specifically stimulated by PA, arachidonic acid,
and anionic amphophiles such as sodium dodecyl
sulfate17183046 and inhibited by DPI, p-chloromer-
curibenzoate, and cibacron blue.1633 The mechanism
by which agonists activate the neutrophil NADPH
oxidase is thought to involve activation of PLD, the
subsequent production of PA and DG, and/or the
activation of protein kinase C.18,44,47,48
Although many of these characteristics are shared by

the VSMC NADPH oxidase (most notably, stimulation
by PA and arachidonic acid, association with the plasma
membrane, and sensitivity to DPI), the VSMC oxidase
differs from that of neutrophils in some respects. First
and foremost, the time course of stimulation of the
oxidase differs dramatically in the two cell types. Super-
oxide anion generation by the neutrophil NADPH
oxidase begins within minutes of exposure to hor-
mones,4748 whereas the activation of the NADPH oxi-
dase in VSMCs stimulated with Ang II seen in the
present study occurs over a period of hours. In this
regard, the VSMC NADPH oxidase is more like that
identified in human fibroblasts49 and mesangial cells.50
Second, the superoxide generated here in response to
Ang II appears to be mostly intracellular, with only a
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limited amount of superoxide being released to the
exterior, as occurs in phagocytes. Whether this radical is
then converted to H202 or some other oxygen-derived
radical remains to be determined. Finally, the physio-
logical role of VSMC superoxide anion is almost cer-
tainly quite different from that of phagocytic cells. In
phagocytic cells, superoxide generation serves an extra-
cellular microbicidal function that is rapidly complete.
In VSMCs, the delayed, prolonged NADH and
NADPH oxidase activation is more likely to function as
an intracellular signal transduction pathway, perhaps
relakted to the long-term hypertrophic effects of Ang II.
The mechanism by which Ang II increases NADH

and NADPH oxidase activity is unclear. In neutrophils,
agonist stimulation of the NADPH oxidase is closely
correlated with the activation of PLD,18 an enzyme that
is robustly stimulated by Ang II in VSMCs.5,6 There is
much debate as to whether the direct product of PLD,
PA, is the molecule that activates the NADPH oxidase
or whether subsequent conversion of PA to DG is
required for stimulation of the oxidase.18,3048 Accumu-
lation of both of these lipids occurs in response to Ang
II in VSMCs,6 so that either could serve as an endoge-
nous stimulus of the NADPH oxidase. Alternatively,
and perhaps of more importance to NADH oxidase
activation, Ang II generates arachidonate formation in
VSMCs51 directly from phospholipase A2 hydrolysis of
phosphatidylcholine (authors' unpublished observa-
tions) and indirectly from conversion of accumulated
DG by the action of DG and monoacylglycerol lipases.8
Although these signaling molecules are capable of

stimulating both oxidases, the situation in VSMCs is
more complex than a simple activation in response to
second messengers. The 4-hour stimulation required
before superoxide accumulation becomes evident could
be a result of several factors. First, a superoxide-
scavenging system is likely present in VSMCs. Over the
prolonged stimulation with Ang II, this system may
simply become overwhelmed or may undergo inactiva-
tion as a result of metabolism or as a specific response
to Ang II. SOD activity remains constant for up to 6
hours of Ang II stimulation (authors' unpublished ob-
servations), so the identity of this putative scavenging
system remains elusive. Alternatively, a component of
the oxidase may have to be newly synthesized before full
activation can be achieved. We were unable to evaluate
this possibility fully, since cycloheximide and actinomy-
cin D both caused a large basal increase in superoxide
formation. However, it seems unlikely that induction of
new protein is the sole explanation for the delay in
response to Ang II, since PA and arachidonate were
able to activate both oxidases acutely in cell homoge-
nates. Another possibility is that a second-messenger
system initially activated by Ang II desensitizes with
time, allowing delayed superoxide formation to occur in
response to the remaining signals. Such a desensitiza-
tion occurs in the case of Ang II stimulation of protein
kinase C activity, which disappears within 4 hours of
stimulation with Ang I1.52 The nature of a system of this
type relevant to superoxide formation is at present
purely speculative.

It is intriguing to consider the possible implications of
Ang II-stimulated NADH and NADPH oxidase activa-
tion on smooth muscle cell function. Ang II is an
important hypertrophic/hyperplastic agent in certain

forms of vascular disease,4 including hypertension and
restenosis after angioplasty. The intracellular signals
responsible for initiation and maintenance of the
growth program have not been fully delineated. The
long-term nature of the NADH/NADPH oxidase re-
sponse, combined with the known association of reac-
tive oxygen species with growth,20-22 suggests that these
enzymes may be an integral part of the growth program
in smooth muscle. Recent work has shown that H202,
one immediate product of superoxide metabolism, stim-
ulates mitogenesis in VSMCs.22 Furthermore, both pro-
tein tyrosine kinase and protein tyrosine phosphatase
activities are regulated by reactive oxygen species.39,53
These signaling pathways are intimately involved in the
growth response in many cell types. The growth-related
pathways regulated by reactive oxygen species and the
potential interactions among them remain to be deter-
mined in VSMCs.

In summary, we have shown that Ang II stimulates
superoxide formation in cultured VSMCs by activating
both NADPH and NADH oxidases. The long-term
nature of this response suggests that it may participate
in growth-related signal generation, serving to trans-
duce information from the surface signal of Ang II
binding to its receptor to the ultimate response of
hypertrophy or hyperplasia of VSMCs.
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