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ABSTRACT Superoxide anion (O2
2) plays a key role in the

endogenous suppression of endothelium-derived nitric oxide
(NO) bioactivity and has been implicated in the development
of hypertension. In previous studies, we found that O2

2 is
produced predominantly in the adventitia of isolated rabbit
aorta and acts as a barrier to NO. In the present studies, we
characterize the enzyme responsible for O2

2 production in the
adventitia and show that this enzyme is a constitutively active
NADPH oxidase with similar composition as the phagocyte
NADPH oxidase. Constitutive O2

2-generating activity was
localized to aortic adventitial fibroblasts and was enhanced by
the potent vasoconstrictor angiotensin II. Immunohistochem-
istry of aortic sections demonstrated the presence of p22phox,
gp91phox, p47phox, and p67phox localized exclusively in rabbit
aortic adventitia, coincident with the site of staining for O2

2

production. Furthermore, immunodepletion of p67phox from
adventitial fibroblast particulates resulted in the loss of
NADPH oxidase activity, which could be restored by the
addition of recombinant p67phox. Further study into the reg-
ulation of this adventitial source of O2

2 is important in
elucidating the mechanisms regulating the bioactivity of NO
and may contribute to our understanding of the pathogenesis
of hypertension.

In recent years, reactive oxygen species (ROS) such as super-
oxide anion (O2

2) have been shown to play a number of roles
in the body. Phagocytic cells produce ROS as a primary host
defense mechanism (1), whereas other cells utilize ROS as
intracellular second messengers for a wide range of cellular
functions. For example, ROS participate in Ras-mediated
mitogenic signaling in fibroblasts as well as in leukocyte
apoptosis (2, 3).

The phagocyte NADPH oxidase or respiratory burst oxidase
is the best characterized ROS-generating system and is a
multicomponent enzyme complex that catalyzes the one-
electron reduction of oxygen to O2

2. Its components include
the two membrane-spanning polypeptides, p22phox and
gp91phox, which comprise flavocytochrome b558, and three
cytoplasmic polypeptides, p40phox, p47phox, and p67phox (4–6).
Additionally, the cytosolic guanine nucleotide-binding protein
Rac2 is required for oxidase activation (7). Exposure of the cell
to a variety of agonists induces the association of the cytosolic
with the membrane-associated components and causes activa-
tion of the normally dormant oxidase (4–6).

Several groups have shown that NAD(P)H oxidase(s) exist
in nonphagocytic cells including carotid body (8), mesangial
cells (9), vascular smooth muscle cells (10, 11), endothelial

cells (12, 13), and fibroblasts (14). The NAD(P)H oxidase
systems in these cells have not yet been well characterized, and
even the substrate specificity of these oxidase(s) with regard to
NADH and NADPH is still not clear (10–12, 15). In vascular
smooth muscle cells of the bovine pulmonary artery and rat
aorta, an NADH oxidase has been described, and in the rat
aorta these cells express the mRNA for one of the flavocyto-
chrome b558 subunits found in the neutrophil membranes,
p22phox (10, 16). Likewise, endothelial cells of the bovine
pulmonary artery (12) as well as the human umbilical vein,
HUVEC (13), seem to contain a O2

2-generating NADH
oxidase; mRNA for all four major subunits of the phagocyte
NAD(P)H oxidase (13) have been detected by amplification
using reverse transcription-PCR. Yet, the localization of the
major vascular NAD(P)H oxidase has not been addressed.

Previously, we reported that the rabbit aortic adventitia
contains an NADPH-dependent oxidase (15). We also re-
ported that the adventitia is the major site of O2

2 production
in the rabbit aorta and recently found that the adventitia acts
as a barrier for nitric oxide (17). Because of the potential
importance of an aortic NADPH oxidase in the regulation of
NO function and vascular physiology, we have characterized
the aortic adventitial NADPH oxidase and show here that
adventitial fibroblasts contain an NADPH oxidase that is very
similar to the phagocyte enzyme in many regards except for its
constitutive nature.

METHODS

Tissue Culture of Aortic Adventitial Fibroblasts. Thoracic
aortas were removed sterilely from male New Zealand White
rabbits as previously described (15) and placed in DMEMy
Ham’s F-12 medium containing 100 unitsyml penicillin and
100 mgyml streptomycin. Vessels were then cleared of adven-
titial adipose tissue, cut longitudinally, and scraped of endo-
thelial cells using a gentle motion with forceps. Medial smooth
muscle cells were peeled from the adventitia using forceps, and
the adventitia was digested in DMEMyF12 medium containing
1 mgyml collagenase, 0.125 mgyml elastase for 4 h at 37°C. The
resulting solution was then centrifuged for 5 min at 675 3 g.
The pellet was resuspended in 12 ml of DMEMyF12 medium
containing 20% (volyvol) fetal bovine serum plated on
100-mm culture dishes and allowed to reach confluence (4–5
days). These cells were considered Po cells. Confluent cells
were passaged with 1:1 (volyvol) PBSytrypsin–EDTA for 5 min
at 37°C. Cells were resuspended in DMEMyF12 plus 20% fetal
bovine serum and seeded at a density of 30% as described by
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Masur et al. (18) to ensure the growth of fibroblasts versus
myofibroblasts. For measurements of basal NADPH oxidase
activity, 95% confluent cells in the third passage were har-
vested as above, and particulate fractions were prepared (see
below). We confirmed the presence of fibroblasts by morpho-
logic and growth characteristics (19) and by the lack of a-actin
staining (not shown).

For measurements of the effect of time and angiotensin II
(AngII) on NADPH oxidase activity, the cells were cultured to
the third passage and to 95% confluence, then made quiescent
by serum deprivation to 0.67% fetal bovine serum for 48 h. At
the end of this period, the cells were either added a vehicle
control or AngII for various time periods. In the event that an
inhibitor or antagonist was administered, it was administered
15 min before AngII or vehicle. Then, at the end of the
incubation period, the cells were removed from the plate by
trypsinization, and the procedure for preparation of particu-
lates was performed.

Preparation of Particulate Fractions. P3 cultured fibroblasts
were harvested as described above, and the pellet was resus-
pended in 400 ml of ice-cold Tris–sucrose buffer containing (in
mM): 10 Trizma base, 340 sucrose, 1 phenylmethylsulfonyl
f luoride, 1 EDTA, and 10 mgyml each of leupeptin, pepstatin,
and aprotinin (pH 7.1). The cell suspension was sonicated by
using four 15-s bursts. Because in early experiments a 3,000 3
g centrifugation did not result in substantial activity in the
pellet (see Table 1), the cell sonicate was centrifuged at
28,000 3 g for 15 min at 4°C. The 28,000 3 g pellet contained
the most 59-nucleotidase activity. This result is consistent with
the activity being associated with plasma membranes (15). The
supernatant was removed, and the pellet was rinsed with 400
ml of Tris–sucrose buffer. After another centrifugation at
28,000 3 g for 15 min at 4°C, the pellet was resuspended in 100
ml of Tris–sucrose buffer and homogenized with a smooth glass
mortar and Teflon pestle.

Measurement of NAD(P)H Oxidase Activity. Approxi-
mately 10–20 mg of fibroblast particulate fraction was assayed
for O2

2-dependent lucigenin chemiluminescence as described
previously (15). Units of chemiluminescence were converted
to nmoles of O2

2 by standardizations with the xanthine oxi-
dase–cytochrome c assay (15). To confirm that these mea-
surements were not an artifact of the lucigenin assay, as has
been reported by Liochev and Fridovich (50), we also directly
measured O2

2 using cytochrome c as the electron acceptor and
calculating O2

2 directly by use of the extinction coefficient. In
brief, we quantified control and AngII-induced O2

2 in partic-
ulate fractions of fibroblasts using the cytochrome c assay as
described by Pagano et al. (15) and found similar levels, if not
higher, of NADPH-dependent O2

2 (18 6 9.7 versus 30 6 20
nmolyminymg protein, respectively; n 5 3). Although the
means do exhibit a substantial variation, they are within range
of the values compiled using lucigenin (see below). The data

would suggest that lucigenin was not artifactually contributing
to the generation of O2

2 under these conditions. Second, we
added lucigenin (250 mM; n 5 3 preparations) in some cases
to the cytochrome c assay of particulate fraction and found no
enhancement in superoxide dismutase-inhibitable cytochrome
c reduction. From this we conclude that under the conditions
of our assay, lucigenin is not generating O2

2 and is a more
conservative and discerning quantitation of the difference
between control and AngII-stimulated O2

2.
Immunodepletion of p67phox. Particulate fractions (10–15

mg) were incubated at 4°C with either 1:1000 dilutions of
p67phox antibody or control isotype IgG 2a with a k light chain
for 2 h with gentle shaking. 100 ml of protein A Sepharose were
then added to the incubations, and shaking was resumed for 45
min. The solution was poured over a column containing a frit
to allow the unbound fraction (flow-through) to pass through
and be collected. NADPH-dependent O2

2-generating activity
was measured in each fraction and compared with flow-
through of control isotype antibody-treated samples unless
otherwise indicated.

Immunoblotting. Fibroblast particulate fractions were sep-
arated on 10–20% gradient SDS-polyacrylamide gels, trans-
ferred to poly(vinylidene difluoride) (PVDF), and Western
blotted with a monoclonal antibody to p67phox (22). The blot
was developed using Super Signal Ultra (Pierce).

Immunohistochemistry. Thoracic aorta were removed ster-
ilely from male New Zealand White rabbits, embedded in OCT
compound, and snap-frozen on dry ice. Frozen aortas were
cryosectioned at 5 mm. The sections were air-dried for 1 h,
fixed in cold acetone for 10 min, air-dried again for 1 h, washed
with blotto [5% skim milk 1 0.1% Tween 20 in Dulbecco’s
PBS, pH 7.6 (DPBS)], and blocked with 10% goat serum in
blotto for 30 min. The sections were then incubated overnight
with control nonimmune mouse serum or with previously
characterized monoclonal antibodies specifically recognizing
gp91phox (22), p22phox (22), p47phox (23), and p67phox (23) in
DPBS containing 1% BSA, 0.1% Tween 20, 0.1% NaN3, and
1% goat serum. After washing with blotto, the sections were

Table 1. Subcellular fractionation of O2
2-generating activity in

sonicates of aortic adventitial fibroblasts

Fraction
Volume,

ml
Protein,
mgyml

Specific activity,
nmolyminymg

Total activity,
nmolymin

Sonicate 0.5 0.33 0.92 0.15
(6.44) (1.06)

3,000 3 g 0.2 0.07 1.62 0.02
pellet (4.61) (0.06)

28,000 3 g 0.2 0.40 2.56 0.21
pellet (37.8) (3.02)

Supernatant 0.2 0.73 0.16 0.02
(0.55) (0.08)

For specific and total activities, numbers not in parentheses are for
NADPH-dependent activities, and numbers in parentheses are for
NADH-dependent activities (45). These data are representative of
three experiments.

FIG. 1. Localization of O2
2-generating activity in rabbit aorta.

Cross-sections of a rabbit aorta were treated with the superoxide
dismutase inhibitor diethyldithiocarbamate (10 mM, A) or diethyldi-
thiocarbamate with Tiron (10 mM, B) for 30 min, followed by 90 min
with nitroblue tetrazolium (100 mM). The aortic rings were then fixed,
imbedded in paraffin, and photographed. Distribution of blue
formazan deposits indicates the primary source of aortic O2

2 is the
adventitia. Magnification, 283.
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incubated for 60 min at 25°C with 5 nm gold-conjugated goat
anti-mouse antibody (Zymed) diluted 1:50 in the same buffer.
The sections were rinsed with H2O, developed using silver
acetate enhancing in the dark (49), and counterstained by
using nuclear fast red (Vector Laboratories).

RESULTS

Previously, we reported that the adventitia of the rabbit aorta
is the major site of O2

2 production in the particulate fraction
(15). Fig. 1 A confirms the site-specific production of O2

2 using
nitroblue tetrazolium as a detector of O2

2 in an aorta pre-
treated with the superoxide dismutase inhibitor diethyldithio-
carbamate. Cotreatment of this preparation with the cell-
permeant O2

2 scavenger Tiron greatly reduced the deposition
of blue formazan, and essentially no staining was found (Fig.
1B). Furthermore, mechanical removal of the endothelium did
not result in staining of the medial smooth muscle (not shown),
therefore precluding the endothelium as an artifactual barrier
to nitroblue tetrazolium.

Table 1 shows the subcellular fractionation of O2
2-

generating activity in fibroblast homogenates. The fraction
containing the most activity (the 28,000 3 g pellet particulate
fraction) also contained the greatest 59 nucleotidase activity,
consistent with the presence of plasma membranes. The pellet
from a lower centrifugation to bring down cellular debris did
not contain substantial activity, nor was there substantial
relative activity in the soluble supernatant of the 28,000 3 g
centrifugation. As shown in Fig. 2, NADH-dependent O2

2-
generating activity was higher than NADPH-dependent activ-
ity yet was not significantly inhibitable by diphenylene iodo-
nium (DPI, 100 mM). In contrast, the NADPH oxidase activity
was significantly inhibited by DPI, a potent and highly selective
flavoprotein inhibitor (Fig. 2). Shown in Table 2, neither of
these activities was significantly inhibited by the cyclooxygen-
ase inhibitor indomethacin (10 mM); the nitric oxide synthase
inhibitor NG-nitro-L-arginine methyl ester (L-NAME) (300
mM); the xanthine oxidase inhibitor oxypurinol (300 mM); or
the NADH dehydrogenase inhibitor rotenone (100 mM).

Immunohistochemistry of frozen sections of rabbit aorta
revealed specific labeling of the adventitia with monoclonal
antibodies against human phagocyte p22phox and gp91phox and
recombinant p47phox and p67phox, whereas no staining was
observed in other areas of the aorta (Fig. 3). As a control, we
confirmed that these antibodies specifically recognized the
appropriate NADPH oxidase protein in rabbit neutrophil
lysates (data not shown). In addition to control sections stained
with preimmune mouse serum (Fig. 3A), immunohistochem-
istry was also performed with both IgG 2a and IgG 1 antibody

isotype controls, and neither showed cross-reactivity (not
shown).

As shown in Fig. 4A, immunoblotting of samples of quies-
cent, fibroblast particulate fractions with a monoclonal anti-
body to p67phox (p67) confirmed the presence of p67phox. A
Western blot done in parallel carried out with control antibody
of the same isotype (IgG 2a with kappa light chain) at a higher
concentration (1:500) did not show cross-reactivity (not
shown). Moreover, preincubation of the p67phox polyclonal
antibody with recombinant p67phox (23) completely prevented
the appearance of cross-reactivity at approximately 67 kDa
(Fig. 4C). To directly confirm the presence of phagocyte-like
NADPH oxidase activity in rabbit aortic fibroblasts, we used
this anti-p67phox monoclonal antibody to immunodeplete sam-
ples of p67phox. Sepharose beads were capable of sedimenting
NADPH oxidase activity coupled with anti-p67phox (254 6
18%, n 5 4, P , 0.05) from fibroblast particulate fractions
compared with Sepharose beads coupled with control isotype
(IgG 2a with kappa light chain) antibody. To confirm p67phox

was the essential factor removed by the column, we added
recombinant p67phox (22) to the flow-through fraction and
were able to significantly increase activity 41 6 6.7% (P , 0.05,
n 5 4, f low-through control versus flow-through to which
recombinant 0.6 mg p67phox was added). We have tested and
found that recombinant p67phox does not cause O2

2 generation
on its own or when added to control particulates (n 5 2).

Fig. 5 shows that treatment of adventitial fibroblasts with up
to 10 nM AngII resulted in a concentration-dependent in-
crease in NADPHyNADH-dependent O2

2 production in par-
ticulate fractions from these cells, whereas higher concentra-
tion (100 nM) had no stimulatory effect. DPI inhibited the
maximal response (10 nM AngII) of NADH- and NADPH-
dependent activity by 32 6 8.3% and 80 6 6.7%, respectively

FIG. 2. O2
2 generation by particulate fractions of quiescent aortic P3 fibroblasts. Cells were processed to obtain particulate fractions. Lucigenin

chemiluminescence was measured, and units of chemiluminescence were converted to nmoles of O2
2 by standardizations with the xanthine

oxidase–cytochrome c assay (15). Data are expressed as the mean nmoles of O2
2 generated per min per mg protein 6SEM. *Significance by a paired

Student’s t test at P , 0.05.

Table 2. O2
2-generating activity of particulate fractions in aortic

adventitial fibroblasts treated or not treated with various enzyme
inhibitors

Treatment NADPH NADH

Control 1.9 6 0.4 6.2 6 1.8
Indomethacin 2.0 6 0.5 6.0 6 1.3
L-NAME 1.7 6 0.2 7.7 6 1.7
Oxypurinol 3.0 6 0.8 4.8 6 1.0
Rotenone 2.1 6 0.4 6.5 6 2.1

NADPH and NADH-dependent O2
2-generating activity is expressed

as nmolymin per mg of protein either untreated or treated with
indicated inhibitors for 15 min prior to measurement. Data are means
6 SEM. Values for control and inhibitor-treated samples were com-
pared by a Student’s t test for paired analysis within columns. These
data are representative of five to seven experiments. There were no
significant differences found.
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(P , 0.01 by paired t test for both NADH- and NADPH-
dependent activity versus 10 nM AngII control in the absence
of DPI). If one is to consider the relative amounts of DPI-
inhibitable NADPH versus NADH-dependent O2

2 generation
after treatment with 10 nM AngII, this represents 14.8 versus
12.1 nmol of O2

2 minymg protein, respectively. We have
examined whether AngII can induce p67phox expression and
found no discernible change in signal on a Western blot using
monoclonal and polyclonal antibodies (n 5 3, not shown).

The induction of ROS production by AngII in aortic fibro-
blasts peaked around 10 nM (Fig. 5A). Neither the type 1
receptor antagonist (Losartan, 10 mM) nor the type 2 receptor
antagonist (PD123319, 10 mM) reduced the fibroblast re-
sponse (Fig. 5B). However, the general AngII antagonist
[Sar1,Thr8]AngII (10 mM) reversed the stimulation to basal
levels.

DISCUSSION

The present studies demonstrate the site-specific localization
of a constitutive phagocyte-like NADPH oxidase in the ad-
ventitia of the rabbit aorta. Histochemical staining of a cross-
section of aorta suggested the specific localization of O2

2

production to the adventitia. The localization of NADPH
oxidase protein to the aortic adventitia was confirmed by
immunohistochemical staining, immunoblotting of fibroblast
particulate fractions, and the immunodepletion of one of the
essential NADPH oxidase components, p67phox. Characteriza-
tion of particulate fractions of fibroblasts cultured from aortic
adventitia demonstrates constitutive phagocyte-like NADPH
oxidase activity that can be enhanced by AngII. Adventitial O2

2

derived from NADPH oxidase interferes with nitric oxide-
induced relaxation (17) and is likely to be involved in the
aberrant relaxations arising with hypertension (30, 31).

Characterization of the O2
2-generating activity of fibroblast

particulate fractions revealed higher NADH versus NADPH-
dependent activity. In contrast, the NADPH oxidase activity
was significantly inhibited by DPI, a potent and selective
flavoprotein inhibitor, indicating an apparently more selective
NADPH-dependent process similar to that found in phago-
cytic cells. Thus, there are at least two forms of O2

2-generating
enzymes in these cells. The negative results with O2

2 source
inhibitors other than DPI preclude the likelihood of involve-
ment of those other enzymes in the basal production of O2

2 in
particulate fraction of these fibroblasts. Similar results were
obtained in the intact aorta (15) and in rat vascular smooth
muscle cells (11).

The presence of DPI-inhibitable NADPH oxidase activity in
aortic adventitial fibroblasts suggested the possibility that this
system was similar to that found in phagocytic cells. However,
unlike in neutrophils, the fibroblast system is constitutively
active (Fig. 2), and treatment of the cells with phorbol myris-
tate acetate (1 mM, n 5 2) for 10 min did not activate the
oxidase above constitutive levels, at least minimally indicating
that the mechanism of activation is different between neutro-
phils and fibroblasts (21).

To confirm the localization of a phagocyte-like NADPH
oxidase in rabbit aortic adventitia, we analyzed frozen sections
of rabbit aorta using immunohistochemistry with monoclonal
antibodies against human phagocyte p22phox and gp91phox and
recombinant p47phox and p67phox (22, 23). The adventitia in
these preparations, however, were significantly less extensive
than in the preparations for Fig. 1. This difference in the
magnitude of adventitia is likely related to differential isola-
tion methods but may also be related to the different fixing
technique, which can cause compacting of tissue. In any event,
these results again confirm the presence of a phagocyte-like

FIG. 3. Localization of NADPH oxidase proteins in rabbit aorta.
Aortic sections were incubated with control nonimmune mouse serum
(A) or monoclonal antibodies against p22phox (1:100) (B and C),
gp91phox (1:200) (D), p47phox (1:20) (E), and p67phox (1:20) (F) at the
dilutions shown, followed by gold-conjugated goat anti-mouse anti-
body. The sections were developed as described in Methods. Magni-
fication is 1903 (A and C–F) and 953 (B). The sections shown
represent at least three stained sections for each antibody.

FIG. 4. Immunoblotting of p67phox in particulate fractions of aortic
adventitial fibroblasts. Fibroblast particulate fractions were separated
by SDS-PAGE, transferred to PVDF, Western blotted with a 1:1000
dilution of monoclonal antibody to p67phox (22, 23), and developed as
described. (A) 10 mg of fibroblast particulate fractions. (B) 10 mg of
human neutrophil cytosol as a control. (C) 10 mg of fibroblast
particulate fractions in which case 1:1000 p67phox anti-peptide anti-
body was preincubated with a 1.8 molar excess of recombinant p67phox

(rec. p67). The anti-peptide antibody cross-reacted with a band at the
identical molecular weight as did the monoclonal antibody (not
shown). The electrophoretic mobility of the samples were compared
with the mobility of prestained standard proteins. A representative of
five experiments is shown.
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NADPH oxidase system specifically localized to the rabbit
aortic adventitia.

Immunoblotting of fibroblast particulate fractions con-
firmed the presence of p67phox in aortic adventitia. The esti-
mated amount of p67phox in P1 aortic fibroblasts versus human
neutrophils is approximately 80% based on densitometry
normalized to protein amounts. Moreover, immunodepletion
of p67phox caused a marked inhibition in NADPH oxidase
activity, which was restored either by the addition of high-salt
eluates or recombinant p67phox. Only partial restoration of
activity with recombinant p67phox can be expected due to the
known instability of p67phox and the NADPH oxidase in
general (24, 25). Thus, the presence of p67phox demonstrated
by Western blotting, along with our biochemical evidence for
an NADPH oxidase activity in adventitial fibroblasts and its
absolute dependence upon the presence of p67phox, provides
compelling evidence that adventitial fibroblasts contain a
phagocyte-like NADPH oxidase system.

AngII is a potent vasoconstrictor whose actions include
direct contraction of smooth muscle through type 1 receptors
(26, 27) and fibrosis of aorta and cardiac muscle due partially
to the suppression of nitric oxide synthase activity (28, 29).
Previously, Griendling et al. (11) showed that AngII stimulates
NAD(P)H oxidase O2

2-generating activity in smooth muscle of
the rat aorta and that p22phox mRNA is present and involved
in the expression of O2

2-generating activity (16). Subsequent
studies showed enhanced O2

2 during AngII-induced hyperten-
sion and confirmed the role of O2

2 in the maintenance of
AngII-induced hypertension (30, 31). We were interested in
determining if AngII could stimulate O2

2 production by
NAD(P)H oxidase in aortic adventitial fibroblasts, the major
cell type found in the vascular site of greatest production of O2

2

(Fig. 1 and ref. 15). The fact that DPI inhibited AngII-induced,
NADH-dependent O2

2 generation, whereas basal NADH-
dependent activity was not inhibited, suggests that a flavopro-
tein-dependent NADH oxidase may also be induced by AngII.

The induction of ROS production by AngII revealed species
differences between rabbit aortic fibroblasts in this study and
rat smooth muscle cells. Whereas rat aortic smooth muscle
cells seem to respond concentration-dependently to AngII up
to 1 mM (11), rabbit aortic fibroblasts seemed to reach a
plateau in response at approximately 10 nM. Moreover, the
type 1 AngII receptor antagonist, losartan, did not inhibit rises

in NAD(P)H oxidase activity in response to AngII contrary to
an inhibitory effect of losartan in rat smooth muscle cell
preparations. As a control, we can show that the same prep-
arations of AngII and losartan can increase and inhibit,
respectively, the rise in calcium in rabbit aortic smooth muscle
cells (data not shown). Recent findings indicate the presence
of aminopeptidases in fibroblasts, which can convert AngII to
active metabolites (32, 33). Perhaps one of those metabolites
[i.e., Ang-(1–7), AngIII, or AngIV] may act through distinct
receptors to induce NAD(P)H oxidase activity. Studies are
underway to elucidate the precise agonist responsible for the
increases in ROS production. In any case, the different effect
of losartan in inhibiting the response in smooth muscle cells
(11) compared with fibroblasts suggests that different recep-
tors are involved in the two cell types or that this is a species
difference between rat and rabbit.

Many vascular (34, 35) and nonvascular (36, 37) fibroses are
influenced or mediated by O2

2 or one of its metabolites. Until
recently, it was maintained that ambient O2

2 was a byproduct
of mitochondrial respiration (38) or auto-oxidation of glucose
(39). However, recently a number of reports have suggested a
more substantial extra-mitochondrial enzymatic production of
O2

2 in vascular and nonvascular tissue (8–12, 15). This pro-
duction of O2

2 is lower in its apparent Vmax but is constitutively
active and is expected to produce substantial amounts of O2

2

and perhaps more over the long-term. As our current studies
indicate, O2

2 production in intact aorta is predominantly
produced by adventitia, most likely by the fibroblasts that are
the major cell type. Such O2

2 may modulate the growth and
proliferation of these fibroblasts, as has been suggested for O2

2

(34, 35, 40). Indeed, stimulation of fibroblast growth coincides
with matrix biosynthesis (41), and ROS derived from O2

2 have
been implicated in the intimal proliferation response to arterial
injury, characteristic of atherosclerosis (34). The role of O2

2 in
the aberrant endothelium-dependent (nitric oxide) function of
blood vessels from atheroscleroticyhypercholesterolemic ani-
mals has been shown convincingly in numerous studies (42–45)
and may be predictive of chronic atherosclerosis and throm-
bosis. The role for O2

2 in both of these vascular processes in the
etiology of atherosclerosis, for one, impels investigation of the
involvement of this NADPH oxidase–O2

2 generation in the
long-term fibrotic development of the disease.

FIG. 5. AngII-induced O2
2 generation by particulate fractions of P3 rabbit aortic fibroblasts. Cells were either not treated or treated with AngII

(A) in the presence or absence of 10 mM antagonists (B) for 3 h. Cells were processed as described to obtain particulate fractions. Lucigenin
chemiluminescence was measured, and units of chemiluminescence were converted to nmoles of O2

2 by standardizations with the xanthine
oxidase–cytochrome c assay. Data are expressed as the mean nmoles of O2

2 generated per min per mg protein 6 SEM (n 5 4–8 cell preparations).
*Significance by a paired t test at P , 0.05.
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The physiologic significance of these findings is further
supported by recent work demonstrating that the action of
nitric oxide released from nitrergic nerves is inhibited by
endogenous O2

2 (46, 47). Because nitric oxide is released by
nitrergic nerves into the adventitia of vascular tissue, it will be
important to elucidate the role of this fibroblast NADPH
oxidase–O2

2 generation on the fate of NO neurotransmission.
It had been suggested (48) that the adventitia acts as a

physical barrier for nitric oxide; however, the nature of this
impediment was not revealed. Our most recent work indicates
that in vitro action of applied NO is impeded by adventitial O2

2,
and this impediment is derived from an NADPH oxidase in the
rat aorta (17). In fact, the major site of O2

2 production in the
rat aorta was determined to be the adventitia. Importantly,
others have shown that rat aortic O2

2 levels derived from
NAD(P)H oxidase increase with AngII-dependent forms of
hypertension (30, 31). In general, this enzyme system seems to
produce O2

2 levels that diminish the normal relaxant effect of
nitric oxide on smooth muscle and is suggested to result in
hypertension (30, 31). Understanding of the regulation of this
adventitial, fibroblast source of O2

2 is important in understand-
ing the regulation of bioactivity of the omnipresent nitric oxide
and may be important in elucidating the mechanisms involved
in the acute and chronic pathogenesis of hypertension.
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