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Abstract—Recent evidence suggests that oxidative mechanisms may be involved in vascular smooth muscle cell (VSMC)
hypertrophy. We previously showed that angiotensin Il (Ang Il) increases superoxide production by activating an
NADH/NADPH oxidase, which contributes to hypertrophy. In this study, we determined whether Ang Il stimulation of
this oxidase results in J@, production by studying the effects of Ang Il on intracellulayQd generation, intracellular
superoxide dismutase and catalase activity, and hypertrophy. Ang Il (100 nmol/L) significantly increased intracellular
H,O, levels at 4 hours. Neither superoxide dismutase activity nor catalase activity was affected by Ang Il; the SOD
present in VSMCs is sufficient to metabolize Ang Il-stimulated superoxide,@,Hvhich accumulates more rapidly
than it is degraded by catalase. This increase,@,kvas inhibited by extracellular catalase, diphenylene iodonium, an
inhibitor of the NADH/NADPH oxidase, and the ATreceptor blocker losartan. In VSMCs stably transfected with
antisense p22phox, a critical component of the NADH/NADPH oxidase in which oxidase activity was markedly
reduced, Ang ll-induced production of,8, was almost completely inhibited, confirming that the source of Ang
ll-induced HO, was the NADH/NADPH oxidase. Using a novel cell line that stably overexpresses catalase, we showed
that this increased J@, is a critical step in VSMC hypertrophy, a hallmark of many vascular diseases. Inhibition of
intracellular superoxide dismutase by diethylthiocarbamate (1 mmol/L) also resulted in attenuation of Ang ll-induced
hypertrophy (62-2% inhibition). These data indicate that Afleceptor—mediated production of superoxide generated
by the NADH/NADPH oxidase is followed by an increase in intracellula®} suggesting a specific role for these
oxygen species and scavenging systems in modifying the intracellular redox state in vascular @tgpghtension
1998;32:488-495.)
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ypertension, atherosclerosis, and mechanical injury oxidoreductase (which yields,B, and Q), the naphtho-
share many common pathologic effects on the vessel quinolinedione LY 83,583 (which is metabolized intracellu-

wall, including vascular smooth muscle proliferation, mono- larly to O,7), and HO, itself all stimulate DNA synthesis and
cyte/macrophage infiltration, dysfunction of regenerated en- proliferation and induce the expression of growth-related
dothelium, and increased deposition of connective ti$sue. genes, including ¢es c-myc, and cjun.’*~*2 Furthermore,
Remarkably, these conditions are all associated with an treatment of VSMCs with antioxidants can induce apoptosis,
increased oxidative stre$s. Although the contribution of which implies that reactive oxygen species are necessary for
low-density lipoprotein oxidation and lipoproteins to athero- normal proliferationt? Taken together, these observations
sclerosis has long been established, recent experiments haveuggest that regulation of the redox state of the cell may be a
shown that early inflammatory events are also redox- general mechanism by which growth signals are transduced.
sensitive’. Furthermore, some forms of hypertension, notably =~ Recent data from our laboratory indicate that Ang Il, an
those associated with high circulating levels of angiotensin Il important vasoconstrictor and hypertrophic agent, induces
(Ang I1), are accompanied by and consequent on the produc-oxidative stress in VSMC¥:**!* Ang Il stimulates @
tion of superoxide (¢).5” Reactive oxygen species have also generation by activating an NADH/NADPH oxidase. Impor-
been implicated in the development of restenosis after angio- tantly, inhibition of this enzymatic pathway by diphenylene
plasty*® Thus oxidative stress appears to be an important iodonium (DPI) or by antisense transfection of p22phox, a
component of vascular pathology. critical component of the NADPH oxidase, inhibits Ang

One potentially significant consequence of oxidative stress ll-induced hypertrophy:** Because of the participation of
is increased vascular smooth muscle cell (VSMC) prolifera- the renin-angiotensin system in several forms of vascular
tion.® In VSMCs, the combination of xanthine with xanthine diseasé®the pro-oxidant effects of Ang Il on smooth muscle
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cell proliferation are important. Although many signaling the NADH/NADPH oxidase, as described by Ushio-Fukai €t &i.
mechanisms initiated and used by Ang Il to mediate VSMC these transfected cells, p22phox expression is completely eliminated.
proliferation have been well characteriZéd? those related

to oxidative stress have not been clearly defined. X .
As noted. we have previously shown that the NADH/ VSMCs were plated at low density, grown for 48 hours in culture
! P y medium containing 10% calf serum, and quiesced for an additional

NADPH oxidase produces Q' Other oxidases (eg, xan- 24 hours in culture medium containing 0.1% calf serum. Cells were
thine oxidase and nitric oxide synthase) are capable of then stimulated with Ang Il (100 nmol/L) for 4 hours to 24 hours.
performing both 1- and 1- and 2-electron reductions ¢f,0  For assays, medium was replaced with Hanks’ solution containing
thus producing @ and HO,.2* Whether this is also true for the H,O,-sensitive fluorophore '27’-dichlorofluorescin diacetate

. . (DCF-DA, 5 uwmol/L) at appropriate times after stimulation, as
the vascular NADH/NADPH oxidase is unknown. Alterna- previously describeé. Although DCF-DA is oxidized by both }0,

tively, H,O, may be solely derived by dismutation of super- ang other peroxides, the complete inhibition of fluorescence in Ang
oxide by superoxide dismutase (SOD). Becaug®.bk then ll-stimulated cells by addition of catalase (350 U/mL) and in
converted by catalase to,8 or scavenged by glutathione, catalase-transfected cells indicates that the fluorescence signal
regulation of any of these enzyme systems may modulate g}’(’tﬁsd 2?’9':]‘2? \'I:/i‘:‘;]asegL‘;‘L‘;\@L”j;t'gdddeég’a f;gcrﬁg’;-t;ja”tﬁgﬁ?ﬁe
e . X

H:Q; levels. The specn.‘|c biological roles of,Oand HO, are increase in fluorescence detects 10 to 100 nmoljOHn a linear
unclear, but recent evidence suggests that they may differen-gaghion.
tially affect intracellular signaling pathways. One example is
the p42/44 mitogen-activated protein kinases (MAPK), which Superoxide Dismutase Assay
are activated by © but not HO,.? Activation of this kinase VSMCs exposed to Ang Il or media (control) for 4 hours were
pathway is necessary but not sufficient for growth, indicating Washed 5 times with 5 mL ice-cold phosphate-buffered saline and
that other redox-sensitive pathways may exisDphctivates scraped from the plate in 5 mL of this same solution. Samples were

- C 1110 transferred to a 50 mL centrifuge tube, and the plate was washed
early response genes required for growttidg-cjun)*** as twice with an additional 5 mL of phosphate-buffered saline to
well as another member of the MAPK family, p38 MAPK.  remove any remaining tissue. Cells were then centrifuged aj Z40
Thus, although both © and HO, have been implicated in ~ 4°C for 10 minutes. The supernatant was discarded, and the pellet
cell growth, their relative importance in agonist-mediated Was resuspended (0.5 mL per dish) in lysis buffer containing

; ; : ; protease inhibitors (50 mmol/L monobasic potassium phosphate [pH
signaling and the regulation of the pathways by which they 7.8, 10pg/mL aprotinin, 0.5.g/mL leupeptin. 0. fg/mL pepstatin,
are produced have not been ?Stabl'shed' and 0.5 mmol/L phenylmethylsulfonyl fluoride). The cell suspension
In the present study, we investigated whether Ang Il was then dounced 100 times on ice, and the homogenate was stored
stimulation of the NADH/NADPH oxidase results in produc- on ice until use. Protein content was measured in an aliquot of the
tion of H,0, and assessed the effect of Ang Il on(4 homogenate by the method of Lowry et?alSOD activity was
accumulation as well as SOD and catalase activity. Most determined spectrophotometrically by the ability of the homogenate

. tantl | . tioated ifically th | f (50 or 100ug total protein) to inhibit the reduction of cytochrome ¢
importantly, we also investigated specinically the role o by O,” generated by the addition of 0.118 mmol/L xanthine and 10

intracellularly produced kD, in agonist-induced hypertro-  mu/mL xanthine oxidase (final volume, 1.0 mL). In each experi-

phy. We found that Ang Il stimulated an NADH/NADPH  ment, a parallel determination was performed in the presence of

oxidase—dependent accumulation of intracellulayOH 1 mmol/L KCN. The Cu/zZn SOD activity was calculated as the

through dismutation of © without altering the activity of activity inhibited by KCN, calibrated with known amounts of

SOD or catalase. Intracellular,8, was absolutelv required purified bovine SOD. Values obtained were expressed as units of
! : 22 > y req . SOD per milligram of protein.

for Ang ll-induced hypertrophy, which suggests that this

reactive oxygen species regulates expression or activation ofCatalase Assay

growth-related signaling pathways. The various oxidant and The enzyme activity of catalase in the cell homogenates was assayed

antioxidant mechanisms that are initiated and orchestrated byby monitoring decomposition of }@, (10 mmol/L) by the rate of

Ang Il support the notion that these mechanisms are an decrease in absorbance at 240 nm, as previously described by’ Aebi.

integral part of the growth-promoting effects of Ang Il and Calibrations were performe_d with known_amounts of beef I|_ver
catalase. Because the activity of catalase is known to be nonlinear,

ultimately contribute to regulation of the redox state of the measurements were restricted to optical density values over the
cell. These observations suggest that reactive oxygen speciesnitial 30 seconds of the assay. All measurements of catalase activity
may mediate the hypertrophic response and thus may influ- were obtained from triplicate cultures and expressed as m8En

ence the pathogenesis of vascular disease.

Intracellular H ,0, Measurement

NADH/NADPH Oxidase Assay
Methods NADH/NADPH oxidase activity was measured as described previ-
ously* Briefly, control VSMCs or cells that had been exposed to
Cell Culture diethyldithiocarbamate (DETC) or vehicle for 4 hours in the pres-
VSMCs were isolated from rat thoracic aorta by enzymatic digestion ence or absence of Ang Il were washed, and cells were scraped from
as described previousfy Cells were grown in Dulbecco’s modified  the plate. Cells were then centrifuged at g4 4°C for 10 minutes.
Eagle’s medium (DMEM) supplemented with 10% calf serum, The supernatant was discarded, and the pellet was resuspended (0.5
2 mmol/L glutamine, 100 U/mL penicillin, and 1Q0g/mL strepto- to 1.0 mL per dish) in lysis buffer. The cell suspension was then
mycin and were passaged twice per week by harvesting with dounced, and the homogenate was stored on ice until use. Protein
trypsin:EDTA and seeding into 75-éfiasks. For experiments, cells  content was measured in an aliquot of the homogenate by the method
between passage levels 6 and 20 were seeded into 35-mm andf Lowry et al?* NADH/NADPH oxidase activity was measured in
100-mm dishes, fed every other day, and used at confluence. a luminescence assay with 5Q0mol/L lucigenin as the electron
In some experiments, we used rat aortic smooth muscle cells acceptor and either 10@mol/L NADH or 100 umol/L NADPH as
stably transfected with antisense p22phox, a critical component of the substrate (final volume, 0.9 mL). The reaction was started by the
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addition of 100uL of homogenate (50 to 30Qg protein). Lumi- Ang Il Receptor Binding

nescence was monitored as described previdgsly. The Ang Il receptor binding assay was performed as described
3 . . previously?® B, (maximum number of binding sites) was deter-
[°*H]Leucine Incorporation mined with single saturation point binding.

To measure hypertrophy of VSMCs, cells were plated at low density,

grown to 60% confluence for 2 to 3 days in DMEM containing 10%  Statistical Analysis

calf serum, and grown for an additional 48 to 72 hours in DMEM  oyerall statistical significance was assessed by Students paired
containing 0.1% calf serum. Twenty-four hours before harvest, cells 2_tajledt test or analysis of variance on untransformed data, followed
were incubated with°H]leucine (2 uCi/mL) in the presence or by comparison of group averages by contrast analysis, with the use

absence of 100 nmol/L Ang Il; after washingH]leucine incorpo- of the SuperANOVA statistical program (Abacus Concepts). A value
ration was assessed as described previdistysome experiments,  of p<0.05 was considered to be statistically significant.

changes in total protein were measured by the Biorad microassay,
based on the method of Bradford. Materials

Stabl . All chemicals were of analytical grade or better. Bovine serum
table T_ranSfeCt'O_n of Catalase albumin, beef liver catalase, and phenylmethylsulfonyl fluoride were
Expression Plasmid from Boehringer Mannheim. Calf serum, lipofectin, geneticin, Opti-
Human catalase cloned into the eukaryotic expression plasmid MEM, glutamine, penicillin, streptomycin, and trypsin/EDTA were
pCl-neo was a kind gift of Drs Sampath Parthasarathy and Nalini purchased from GIBCO. FBS was from Atlanta Biologicals. Liqu-
Santanam. Four micrograms of purified pCl-neo alone or pCl-neo/ iscint was purchased from National Diagnostics. Common buffer
catalase plasmid in 100L H,O was gently mixed with lipofectin salts were obtained from Fisher. DCF-DA was obtained from Acros.
solution (100uL). The DNA/liposome complex was added directly  The Prime-It Il kit and QuikHyb solution were from Stratagene.
to 40% to 50% confluent VSMCs plated in 60-mm dishes in pCl-neo was from Promega. DETC was purchased from Aldrich.
Opti-MEM | reduced serum medium and incubated for 18 hours at Anti-human Cu/Zn superoxide dismutase IgG was obtained from
37°C. The medium was then changed to DMEM containing 20% Biodesign International, and anti-human erythrocyte catalase, 1gG-
fetal bovine serum (FBS). After 48 hours, transfected VSMCs were fraction, was obtained from Athens Research Technology.
split 1:3 into 100-mm dishes and incubated in DMEM containing  [*H]leucine (140 Ci/mmol) and**P-dCTP were from DuPont NEN.
10% FBS and 40Qug/mL geneticin. Eight days after selection, The ECL Western blotting system was from Amersham. DPI was
geneticin-resistant colonies were isolated with the use of cloning purchased from Toronto Research Chemicals. All other chemicals
cylinders. Transfected cells were maintained in selection medium and reagents, including DMEM with 25 mmol/L HEPES and 4.5 g/L
until they were plated into 35- or 100-mm dishes for experiments. glucose and calf serum, were from Sigma.

Measurement of Catalase mRNA Results

Total RNA was extracted from cells as described previotisly. . .

Ten-microgram RNA samples were separated by electrophoresis inANg 11 Stimulation of Intracellular

1.0% agarose gels containing 6.6% formaldehyde. RNA was trans- H,O, Production

ferred onto a nylon membrane and immobilized by UV cros_s-linking To determine whether Ang |l stimulates intracellulayQ
(Stratalinker, Stratagene). The probe, catalase cDNA derived from production, VSMCs treated with Ang Il (100 nmoliL, 4

Xba/Sal digestion of pCl-neo/catalase, was labeled with*{P]- . . . -
dCTP with the use of a random primer labeling kit (Prime-It 1l). 10urs) were incubated with DCF-DA, a peroxide-sensitive

After UV cross-linking, membranes were prehybridized at 68°C for dye that is incorporated into the cell. Ang Il caused a dramatic
2 hours in QuikHyb solution (Stratagene). The hybridization was increase in DCF-DA fluorescence (Figure 1B) compared with
performed for 2 hours at 68°C withiP-labeled probe in the same  that in control cells (Figure 1A). This increase averaged

solution. Membranes were briefly rinsed and washed twice in L 200 ; 3
1XSSCH0.1% SDS at 50°C. Staining of the 28S rRNA band by 500+ /0% of control (Figure 2, #4, 12 fields for each

ethidium bromide, after transfer to the membrane, was used for €XPeriment). Catalase, an enzyme that specifically decom-
normalization. poses HO, to water and molecular oxygen, completely
inhibited the increase in DCF-DA oxidation, which suggests
Measurement of SOD and Catalase Protein Levels  that intracellular HO, is responsible for the DCF-DA oxida-
Confluent untransfected VSMCs, VSMCs transfected with pCl-neo tjon after Ang Il treatment (Figure 1C). The Ang ll-stimu-

alone, or VSMCs transfected with pCl-neo/catalase plasmid in . : : . o
100-mm dishes were washed 3 times with 5 mL of ice-cold lated increase in ¥D, at all time points was inhibited when

phosphate-buffered saline (PBS). Cells were scraped in ice-cold C€lls were premCUbate_d With _Iosartan OZ_LQOI/L), ?ispecific
sonication buffer, pH 7.4 [(mmol/L) 50 HEPES, 5 EDTA, 50 NaCl], AT, receptor blocker, indicating that this induction was,AT
containing protease inhibitors (1@g/mL aprotinin, 1 mmol/L receptor specific (Figure 1D).

phenylmethylsulfonyl fluoride, 1Qug/mL leupeptin) and phospha- To determine whether the vascular NADH/NADPH oxi-

tase inhibitors [(mmol/L) 50 sodium fluoride, 1 sodium orthovana- . I
date, 10 sodium pyrophosphate]. For measurement of caltalalse,daSe stimulated by Ang'flis the source of bD,, we used 2

samples were sonicated for 30 secomd®on ice. For measurement ~ approaches. First, VSMCs were preincubated with DPI
of SOD, 1% Triton X-100 was included in the buffer, and the (10 wmol/L), a molecule that binds to and competitively
Triton-soluble fraction was collected by centrifugation at 10900 jnhibits flavin-containing enzymes such as the NADH/

(4°C, 20 minutes). Extracted protein was quantified by the Bradford - - . -
assay. Proteins were separated with SDS-PAGE and transferred toNADPH oxidase, before Ang Il treatment. Preincubation with

nitrocellulose membranes (catalase) at 100 V for 1 hour or PvDF DPI resulted in complete inhibition of the Ang ll—induced
membranes (SOD) at 50 V for 2 hours. Membranes were blocked for increase in HO, (Figure 3, A through C), which suggests that
1 hour with PBS containing 5% nonfat dry milk and 0.1% Tween 20 a flavin-containing enzyme is the source foiQ4. Second, to
and were incubated for 1 hour with primary anti-human erythrocyte r6vide more definitive evidence that the ultimate source of

catalase antibody (1:500) or SOD antibody (1:100) in PBS contain- . .
ing 1% nonfat dry milk and 0.1% Tween 20 and then incubated with H,O, is the NADH/NADPH oxidase, VSMCs transfected

HRP-conjugated secondary antibody for 1 hour. Catalase and SODWith antisense p22phox, which attenuates functional expres-
protein levels were detected by ECL chemiluminescence. sion of the NADH/NADPH oxidasé&, were treated with Ang
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Figure 1. Intracellular H,O, production in VSMCs. VSMCs were stimulated without (A) or with (B) Ang Il (100 nmol/L) for 4 hours and
incubated with the peroxide-sensitive fluorophore DCF-DA before laser confocal microscopy. VSMCs were stimulated with Ang Il in
presence of catalase (350 U/mL) (C) or losartan (10 umol/L) (D) before incubation with DCF-DA and laser confocal microscopy. Fluores-
cence was visualized at X20 magnification with laser intensity of 30, iris setting of 3.5, and gain of 1200.

Il for 4 hours. The agonist-stimulated increase igOklwas

a SOD inhibitor, on Ang ll-induced ®, production. Incu-

dramatically decreased in antisense p22phox-transfected cellsation of VSMCs with DETC (1 mmol/L) before addition of

(Figure 3D), which indicates that the NADH/NADPH oxi-
dase is the major source for,®, production in Ang -
stimulated VSMCs.

H,0O, production by the NADH/NADPH oxidase could
result directly from 1-electron reduction of,©r by a 2-step
process in which the NADH/NADPH oxidase generatgs,O
which is then dismuted by SOD to,8, To distinguish
between these possibilities, we measured the effect of DETC,
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Figure 2. Production of H,O, by Ang Il. VSMCs were stimulated
without (open bars) or with (hatched bars) Ang Il (100 nmol/L)
for 4 hours and incubated with the peroxide-sensitive fluoro-
phore DCF-DA before laser confocal microscopy. Values for rel-
ative DCF-DA fluorescence intensity (scale 0 to 256 U) are
mean=SE obtained from 4 separate experiments in which 12
visual fields were quantified. *P<<0.01 for increase with Ang Il
versus without Ang II.

Ang Il inhibited H,O, generation by 8&:8% (n=4, P<0.05).
Furthermore, Ang Ill-induced NADH/NADPH-dependent
O,” production was higher in DETC-treated cells than in
control cells (data not shown), which verifies the efficacy of
DETC in inhibiting SOD and indicates that SOD is an
obligatory step in HO, production in VSMCs stimulated with
Ang II.

Effect of Ang Il on Superoxide Dismutase

and Catalase

The above data indicate that the vascular NADH/NADPH
oxidase is the predominant source ofGi However, an
increase in HO, production could also result from an Ang
ll-induced imbalance between the activity of SOD (which
produces HO,) and catalase (which scavengesOH in
VSMCs). To determine the effect of Ang Il on Cu/Zn SOD
and catalase, we prepared cell homogenates and assayed
enzyme activity. Homogenates of VSMCs treated for 4 hours
with Ang Il (100 nmol/L) showed no change in SOD activity
compared with control cells (Figure 4A). Ang Il also had no
effect on Cu/Zn SOD protein levels (Figure 4B). Catalase
activity was very low in VSMCs and did not change percep-
tibly with Ang Il (data not shown). Together with the
observed accumulation of ,8,, these data suggest that the
SOD present in VSMCs is sufficient to metabolizg” Qo
H,0,, which accumulates more rapidly than it is degraded by
catalase.
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Figure 3. NADH/NADPH oxidase is a major source for intracellular H,O, generation. VSMCs were untreated (A), stimulated with Ang Il
(100 nmol/L) alone for 4 hours (B), or treated with Ang Il in presence of DPI (10 umol/L) and incubated with the peroxide-sensitive flu-
orophore DCF-DA (C). VSMCs transfected with antisense p22phox were treated with Ang Il for 4 hours before incubation with DCF-DA
(D). Images were obtained by laser confocal microscopy. Fluorescence was visualized at X20 magnification with laser intensity of 30,
iris setting of 3.5, and gain of 1200.

Role of H,0, in Ang ll-Induced Hypertrophy tor number (B.: 919 fmol/mg protein and 1237 fmol/mg
We have previously shown that NADH/NADPH oxidase protein in vector- and catalase-transfected cells, respectively).
activity is required for hypertrophy'® Because ambient Furthermore, catalase overexpression did not affect phospho-
SOD levels appear to be adequate to handle thep@duced, lipase C activation by Ang Il (data not shown), which
inhibition of SOD should also attenuate hypertrophy if indicates that the decrease in hypertrophy is not a result of
conversion of @ to H,O, by SOD is required for hypertro-  nonspecific inhibition of signaling pathways. To confirm that
phic signaling. As shown in Figure 5, Ang Il (100 nmol/L) [*H]leucine incorporation faithfully reflected increased pro-

increased *H]leucine incorporation to 1623% of control. tein synthesis, we measured total protein after 24 hours of
DETC (1 mmol/L) attenuated this increase by626 (n=4, Ang Il (100 nmol/L) treatment in control and catalase-
P<0.01). transfected cells. Ang Il caused a22% increase (&3) in

As a second approach to defining the role gklin Ang total protein in vector-transfected cells, and this increase was

ll-induced hypertrophy, we used stable transfection to over- significantly inhibited in catalase-transfected cells £33
express catalase in VSMCs. We initially isolated 39 clones of n=3, P<0.03 versus vector). These data suggest thé, i$
geneticin-resistant cells; however, only 2 of these signifi- a necessary mediator of Ang Il-induced hypertrophy.

cantly overexpressed catalase mRNA and protein (Figure

6A). Those expressing the highest level of catalase protein Discussion

were selected for further study. Overexpression of catalase The data presented here provide evidence defining the mo-
inhibited Ang ll-induced KO, production by 62-6%, which lecular pathways that lead to agonist-induced regulation of
indicates that the catalase was functionally effective and intracellular redox state in VSMCs and establish a sequential
incidentally confirms that DCF-DA oxidation in fact reflects link between Ang ll-induced NADH/NADPH oxidase activ-
H,O, levels in these cells. As shown in Figure 6B, overex- ity, an increase in intracellularJ@,, and hypertrophy. When
pression of catalase significantly inhibited Ang ll-stimulated oxidase activity is decreased either with DPI or by transfec-
hypertrophy, as measured b$HJleucine incorporation, at  tion with antisense p22phox, the Ang Il-induced increase in
every dose of Ang Il tested. Similar results were obtained H,0O, is eliminated, establishing the NADH/NADPH oxidase
with the second line of catalase-overexpressing cells (maxi- as the primary source of B, in Ang llI-stimulated VSMCs.
mal hypertrophy in response to Ang Il, 100 nmol/L: X0&% H,O, appears to be formed by dismutation of hecause
control). This effect was not due to differences in AT DETC inhibited HO, production. Because SOD and catalase
receptor expression in catalase-overexpressing cells becausactivities are unaffected by Ang Il, the ambient level of SOD
vector- and catalase-transfected cells were matched for recepimay be sufficient to metabolize,Oto H,O,, which accumu-
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Figure 4. Effect of Ang Il on SOD activity and protein levels.
VSMCs were stimulated with or without Ang Il (100 nmol/L) for 4
hours. A, Cells were homogenized and SOD activity was deter-
mined by measuring the ability of the homogenate to inhibit
xanthine/xanthine oxidase-induced superoxide production. Each
bar represents mean+SEM of 4 experiments. B, SOD protein
expression was assessed with Western analysis. This blot is
representative of 3 similar experiments.
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Figure 6. Attenuation of Ang ll-stimulated hypertrophy by over-
expression of catalase. VSMCs were transfected with vector
alone (pCl-neo) or with vector-containing catalase (pCl-neo/Cat)
as described in “Methods.” A, Representative blots of catalase
mRNA (A) and protein (B) levels in vector-transfected clones (V1
and V2) and selected catalase-transfected clones with high
mRNA expression (C1 and C2). B, Vector-transfected (O) and
catalase-transfected (@) [°H]leucine-labeled VSMCs were
exposed to indicated concentrations of Ang Il for 24 hours.
[PH]leucine incorporation was measured as described in “Meth-
ods.” Data are expressed as percent increase in [*H]leucine
incorporation induced by Ang Il over appropriate control. Each

lates more rapidly than it is degraded by catalase. These datebar represents mean of 3 experiments performed in triplicate.

further demonstrate that intracellular NADH/NADPH
oxidase-dependent ,B, production is necessary for Ang
Il-induced protein synthesis, since inhibition of SOD activity

80
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Figure 5. Attenuation of Ang ll-induced hypertrophy by inhibi-
tion of SOD. [*H]leucine-labeled VSMCs were exposed to Ang I
(100 nmol/L) in the presence or absence of DETC (1 mmol/L) for
24 hours. [PH]leucine incorporation was measured as described
in “Methods.” Data are expressed as percent increase in
[PH]leucine incorporation induced by Ang Il over the appropriate
control. Each bar represents mean of 4 experiments performed
in triplicate. *P<0.01 for increase in the presence of inhibitor
versus increase with Ang Il alone.

*P<0.05 for increase in catalase-transfected cells compared
with vector-transfected cells.

or overexpression of catalase profoundly inhibited
hypertrophy.

Whereas both © and HO, are established products of the
respiratory burst in phagocytic cells when the plasma mem-
brane NADPH oxidase is activated, it is now becoming clear
that both are also normally released by a variety of nonin-
flammatory cells, including the different layers of the vessel
wall ****°Previous studies have suggested that in tumor cells
H,O, is likely to be derived from @ released by an
NADPH-dependent system, as it is inhibited by PQther
intracellular sources of O generation have also been dem-
onstrated, including mitochondria and peroxisorit@s: We
show here that the Ang ll-induced increase ofOH in
VSMCs is NADH/NADPH oxidase-dependent because it is
inhibited in cells treated with DPI or transfected with anti-
sense p22phox. J, does not appear to be formed directly
from the NADH/NADPH oxidase because the SOD inhibitor
DETC attenuated }D, production, although the relative
nonspecificity of DETC permits alternative interpretations.
This is the first direct demonstration of the fate of the
NADH/NADPH-derived Q™.
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Exogenous @ and HO, can each stimulate growth and
growth responses in a variety of cultured cell types by
functioning as mitogenic stimuli through biochemical pro-
cesses common to natural growth factbBath H,O, and Q-
generation by the naphthoquinolinedione LY 83,583 stimu-
late mitogenesis in VSMCs; however, only, Oactivates
p42/44 MAPK°?? In contrast, HO, stimulates p38 MAPK
activity in VSMCs, and both p38 MAPK and the p42/44
MAPK are required for Ang ll-induced hypertropffyin the
case of exogenously added Qcertain of its effects related to
growth stimulation are extremely rapid and appear to be
distinct from those of kD, like early changes in pH and €a
concentration in human amnion ceitdt has been suggested
that adjustment of the redox states of proteins involved in
growth pathways is a prerequisite for optimal functioning; at
present distinctive effects of ,O compared with KO, are
difficult to assess.

In this study, the inhibition of hypertrophy in catalase-
overexpressing cells suggests thaOHimay be the biologi-
cally important reactive oxygen species in Ang ll-induced

growth responses. The use of cells transfected with Catalasehypertrophy. This KD,

permits targeting catalase intracellularly, overcoming the
difficulties of previous studies in which catalase exerted its
effect by hydrolyzing HO, as it diffused out of the cell.
Sundaresan et ‘lshowed that the mitogenic agent PDGF
increased kD, in VSMCs and that application of high levels
of catalase exogenously inhibited PDGF-induced signaling

and proliferation. Together with our results, these data sug-

gest that HO, appears to be important in both hyperplasia and
hypertrophy, although the molecular targets gfoHin the
growth program remain unclear.

Although many studies report pro-proliferative effects of

reactive oxygen species on VSMCs, some conflicting results

have been reported. Fiorani ef’dlound that HO, induces

cell death despite the fact that it increases DNA synthesis.
Furthermore, when VSMCs are exposed to glucose/glucose

oxidase or diethylmaleate, the resultingddinduces apopto-
sis through the formation of hydroxyl radicdfsThe expla-

regulated by reactive oxygen specié¥.In addition, because
the redox state of transcription factors and of protein kinases
appears relevant to their general level of activitig,is likely

that the overall cellular redox state may be critical. Superox-
ide and HO, may induce a growth response by modulating
the efficiency of the overall process of signal transduction at
various intracellular locations rather than by interacting with
sensors by analogy with growth factor—growth factor recep-
tor interaction. This may occur through oxidation of signal
transduction proteins or transcription factors through their
ability to modulate intracellular scavenging systems like
catalase or glutathione peroxidase. In view of the critical
balance between the degree of oxidative stress and the
antioxidant capacity of scavenging systems in relation to cell
growth on one hand and lipid peroxidation and apoptosis on
the other, it is important to assess how these may be modified
in normal vascular physiology as well as in pathophysiolog-
ical states.

In summary, we have shown that Ang Il increases intra-
cellular HO, in VSMCs and that this increase is required for
is predominantly derived from O
produced by the NADH/NADPH oxidase and the subsequent
dismutation by SOD, which supports the notion that both O
and HO, are growth promoting in Ang ll-induced hypertro-
phy because their existence is mutually dependent. Using a
novel cell line that stably overexpresses catalase, we show
that this increased hydrogen peroxide is a critical step in
VSMC hypertrophy, a hallmark of many vascular diseases.
The various oxidant and antioxidant mechanisms that are
initiated and orchestrated by Ang Il are integral parts of the
growth promoting effects of Ang Il and ultimately contribute
to regulation of the redox state of the cell, which in turn
mediates the growth response and contributes to the patho-
genesis of vascular disease.
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N-acetylcysteine leads to apoptosis, which suggests that some

level of oxidant stress is required for normal growtMhus,

although a certain level of oxidant stress appears to be growth L
promoting, more severe stress may lead to cell death. Because™

Ang 1l causes hypertrophy of VSMCs, it appears that the
H,O, produced by Ang Il is of a magnitude consistent with
overall activation of the growth program.

Ang Il is a crucial hypertrophic/hyperplastic effector or
proinflammatory mediator in hypertension, restenosis after
angioplasty, and atherosclerosiBhe long-term nature of the
NADH/NADPH oxidase-dependent,O generation by Ang
Il, combined with the apparent association ofCH with

growth, suggests that these oxygen species and their gener-

ating enzymes may be an integral part of the intracellular
redox system, priming the smooth muscle for hypertrophy
and growth. Interestingly, both protein tyrosine kinases and

protein tyrosine phosphatases, signaling pathways intimately

involved in the growth response in many cell types, are
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