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ABSTRACT

A growing body of evidence has suggested that a membrane-bound NADH/NADPH oxidase is the predominant
source of reactive oxygen species (ROS) in vascular cells. Prior studies have used indirect assessments of super-
oxide including lucigenin-enhanced chemiluminescence, cytochrome ¢, and fluorescent dye techniques. The pres-
ent study was performed to determine if NADH/NADPH oxidase function could be detected human endothelial
cells using electron spin resonance. Human umbilical vein endothelial cells (HUVEC) were homogenized and frac-
tionated into cytosolic and membrane components. Cell fractions were incubated in buffer containing either NADH
or NADPH (100 uM for each) and the spin trap 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO).
EPR signals were obtained in a Bruker EMX spectrometer. Cytoplasmic fractions were devoid of activity. In con-
trast, incubation of membrane fractions with NADH produced a signal with a total peak intensity of 1,038 + 64,
which was significantly greater than that observed with NADPH (540 * 101). The signal was completely inhib-
ited by either manganese superoxide dismutase (MnSOD, 100 U/ml) or the flavoprotein inhibitor diphenylene io-
dinium (DPI, 100 uM). Rotenone (100 uM) did not significantly alter the signal intensity, (833 + 88). These data
demonstrate direct evidence for a functional NADH/NADPH oxidase in human endothelial cells and show that
electron spin resonance is a useful tool for study of this enzyme system. Antiox. Redox Signal. 2, 779-787.

INTRODUCTION

DURING THE PAST DECADE, it has become ev-
ident that vascular cells, including en-
dothelial cells (Mohazzab ef al., 1994; Jones et
al., 1996), vascular smooth muscle cells
(Griendling et al., 1994; Ushio-Fukai et al,
1996), and cells of the adventitia (Wang et al.,
1998) are capable of producing reactive oxy-
gen species (ROS). Of note, vascular produc-
tion of superoxide ('O,7), H,O,, OH, and
other ROS have been shown to be increased in
several pathophysiological states. These in-
clude hypercholesterolemia (Warnholtz et al.,
1999), hypertension (Rajagopalan et al., 1996a),

ischemia followed by reperfusion (Zweier et
al., 1987, 1989; Zweier, 1988; Bolli et al., 1989),
diabetes (Tesfamariam, 1994), and heart failure
(Mallat et al., 1998). This phenomenon is
thought to contribute to altered vasomotion
(Somers and Harrison, 1999), vascular inflam-
mation (Khan et al., 1994), remodeling (Ra-
jagopalan et al., 1996b), and vascular smooth
muscle growth and hypertrophy (Ushio-Fukai
et al., 1996).

The source of ROS in vascular cells has been
the subject of substantial interest. Prior re-
search has implicated xanthine oxidase, mito-
chondrial electron transport, cyclooxygenase,
and lipoxygenase as contributing to production
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of ROS in vascular cells. Recently, it has been
shown that nitric oxide synthases (NOS), when
deprived of their substrate L-arginine or the co-
factor tetrahydrobiopterin, can produce super-
oxide (Xia et al., 1996, 1998; Xia and Zweier,
1997; Vasquez-Vivar et al., 1998) and indirect
evidence suggests that the endothelial isoform
of NOS may produce superoxide under patho-
physiological conditions in vivo (Cosentino and
Katusic, 1995).

Several studies have suggested that a major
source of ROS in both endothelial cells and vas-
cular smooth muscle cells is a membrane-
bound NADH/NADPH oxidase (Mohazzab et
al., 1994; Pagano et al., 1995). This enzyme sys-
tem is thought to have similarities to the neu-
trophil NADPH oxidase. Indeed, mRNAs for
all of the NADPH oxidase subunits have been
detected in human umbilical vein endothelial
cells (HUVEC) using polymerase chain reac-
tions (Jones et al., 1996). In vascular smooth
muscle cells, the NADPH oxidase subunit
p22phox has been shown to play a critical role
in production of ‘O,~ and H,O; in response to
angiotensin II (Ushio-Fukai et al., 1996; Zafari
et al., 1998). Inhibition of expression of p22phox
using antisense approaches inhibits vascular
smooth muscle cell hypertrophy in response to
angiotensin II.

A potential criticism of prior studies exam-
ining vascular ‘O,” enzyme sources is that
many have employed lucigenin-enhanced
chemiluminescence. This method is exquisitely
sensitive and may be used to detect ‘O,~ in in-
tact tissues and cells. Unfortunately, lucigenin
has been shown to redox cycle in the presence
of flavoproteins, leading to artifactual produc-
tion of ‘O, (Vasquez-Vivar et al., 1997). Other
approaches, including the reduction of cy-
tochrome ¢ or use of fluorescent indicators,
may lack sensitivity or specificity.

On the basis of these considerations, the
present study was performed using electron
spin resonance (ESR) spectroscopy to examine
specifically sources of ROS in human umbilical
vein endothelial cells. We employed the spin
trap 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline
N-oxide (DEPMPO) (Roubaud et al., 1997), and
specifically examined substrates that would
drive ‘O,~ production in cell homogenates and
subcellular fractions.
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MATERIALS AND METHODS

Materials

Penicillin, streptomycin,, and L-glutamine
were purchased from Life Technologies (Gaith-
ersburg, MD). Medium 199 was purchased
from Mediatech, Inc. (Herndon, VA). Endothe-
lial cell growth supplement was used from Col-
laborative Biomedical Products (Bedford, MA).
DEPMPO was purchased from Oxis (Portland,
OR). Heparin was from Elkins-Sinn, Inc.
(Cherry Hill, NJ). All other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO).

Cell culture

HUVECs were grown in Medium 199 con-
taining 20% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 ug of streptomycin, 2 mM L-glu-
tamine, 5 mg/ml endothelial cell growth sup-
plement, and 20,000 U heparin. Cells were used
between passage 2 and passage 6 at 100% con-
fluence.

Cell fractionation

HUVECs were washed twice and scraped
with 10 ml of 1 X phosphate-buffered saline
(PBS). The cells were centrifuged at 1,000 X g
for 10 min at 4°C in a swinging bucket rotor,
and the supernatant was removed. The pelleted
cells were resuspended in 100 ul of buffer (50
mM Tris, 0.1 mM EDTA, 0.1 mM EGTA, pH
7.4) containing 1 uM pepstatin, 2 uM leupeptin,
1 mM phenylmethylsulfonyl flouride (PMSF),
and 2 uM Bestatin. The cells were sonicated on
ice at 500-msec bursts for 10 sec using a Kontes
Micro Ultrasonic Cell Disruptor at 20% power.
Lysed HUVECs were centrifuged at 250 X g for
10 min to remove unbroken cells. The super-
natant containing lysed cells was centrifuged
at 20,000 X g to pellet the nonmembrane par-
ticulate fraction, and the supernatant was cen-
trifuged at 100,000 X g to pellet the membrane
fraction. Membranes were then resuspended
for study in isotonic PBS, pH 7.4, containing
Ca-EDTA (1 mM) for study. Protein concen-
tration was determined using the method de-
scribed by Bradford (Bradford, 1976).

Cellular homogenate subfractions were in-
cubated with DEPMPO (10 mM), diethyl-
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dithiocarbamic acid (DETC, 100 wuM), and
NADH (100 wM) unless otherwise specified. In
some reactions, NADH was substituted with
NADPH (100 uM), xanthine (100 nm), succi-
nate (5 mM) + antimycin A (30 uM) or arachi-
donic acid (100 uM). In another set of reactions,
NADH was used as a substrate after the mem-
brane fraction was incubated with an oxidase
inhibitor for 5 min. Inhibitors used were
rotenone (100 wM), oxypurinol (100 uM), in-
domethacin (10 uM), N-nitro-L-arginine (L-
NNA) (10 uM), or the flavoprotein inhibitor
diphenylene iodinium (DPI) (100 uM). Reac-
tions were allowed to proceed at 37°C for 30
min. The reactions were then stopped by rapid
freezing in liquid nitrogen and samples were
thawed within 4 hr for ESR spectroscopy.

Electron spin resonance

Spectra were recorded in a quartz flat cell at
room temperature using a Bruker EMX spec-
trometer at a microwave frequency of 9.78
GHz, a microwave power of 20 mW, and a
modulation amplitude of 1.0 G. Scan time was
84 sec, and 10 sequential scans were signal av-
eraged. Data from each spectrum were quanti-
fied as the sum of the total eight-peak intensity
and expressed as mean = SEM.

RESULTS

Free radical production from human endothelial
subcellular fractions

In preliminary studies of whole-cell ho-
mogenates, minimal ESR signal was obtained in
the presence of NADH or NADPH. Likewise,
no signal was obtained from cytosolic subfrac-
tions (Fig. 1, left upper panel). In contrast, mem-
branes obtained by 100,000 X ¢ for 60 min of
centrifugation produced a distinct eight-peak
signal when incubated with NADH (100 uM)
(Fig. 1, left lower panel). Mean data from five
experiments are shown in Fig. 1 (right panel).

Although the homogenization method used
likely ruptured most mitochondria, this crude
membrane preparation may contain some in-
tact mitochondria, which could serve as a
source of ROS derived from the electron trans-
port chain. Further experiments were per-
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formed to determine if mitochondrial sources
contributed to our ESR signal. The cell ho-
mogenates were subjected to an initial ultra-
centrifugation at 20,000 X ¢ for 20 min, fol-
lowed by a subsequent centrifugation at
100,000 X g for 60 min. The 20,000 X g fraction
is known to contain both mitochondria and
peroxysomes, as well as other membrane vesi-
cles. This 20,000 X g subfraction yielded an ESR
signal of roughly equal intensity to that of the
subsequent 100,000 X g fraction (data not
shown). Interestingly, in neither of these sub-
fractions was the signal affected by rotenone,
an inhibitor of mitochondrial electron transport
(data not shown). These results indicate that an
NADH-driven oxidase is present in the partic-
ulate fraction, but not the cytosolic fraction of
HUVEC, and this enzyme activity is unrelated
to mitochondrial electron transport. Subse-
quent experiments were performed on mem-
brane fractions obtained from the 100,000 X ¢
centrifugation of the supernatant from the
20,000 X g centrifugation.

Characterization of free radicals produced
from HUVECs

The eight-peak spectrum obtained was char-
acteristic of the DEPMPO-OH adduct. This
adduct is the result of either ‘O, reacting with
DEPMPO to form DEPMPO-OOH, which then
degenerates into DEPMPO-OH, or from direct
reaction of hydroxl radical with DEPMPO to
form DEPMPO-OH. To determine which radi-
cal species initially reacted with DEPMPO, ox-
idase activity was measured in the presence of
catalase, to scavenge hydrogen peroxide
(H,0,) and thus prevent hydroxyl radical for-
mation via Fenton or Haber-Weiss reactions, or
in the presence of superoxide dismutase (SOD),
to scavenge superoxide. Since DETC was used
in the assay to inhibit native Cu/Zn SOD, Mn-
SOD was used for this purpose. As shown in
Fig. 2, DEPMPO-OH adduct formation was un-
changed in the presence of catalase (1,105 * 93)
compared to control (1,027 * 73). However,
scavenging of superoxide with MnSOD re-
sulted in a complete quenching of the ESR sig-
nal. This provides evidence that the ROS
formed by the HUVEC homogenate is ‘O,".

In additional experiments using a xanthine/
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FIG.1. ESR detection of a DEPMPO-spin adduct produced by human umbilical vein endothelial subcellular frac-

tions. The membrane component was separated from the cytosolic component by ultracentrifugation. A total of 10
ug of protein was incubated with 100 uM DETC, 10 mM DEPMPO, and 100 uM NADH in 1 mM Ca/EDTA PBS at
37°C for 30 min. (Left) Authentic ESR spectra obtained as described in Materials and Methods. (Right) Mean *+ 5E

total peak intensity for five experiments.

xanthine oxidase ‘O, -generating system, the
degradation of the DEPMPO-OOH adduct to
the DEPMPO-OH adduct was found to be more
rapid at the physiological temperature of 37°C
than at room temperature. Furthermore, while
DETC enhanced the ‘O, detected in this as-
say, additional studies indicated that it also en-
hanced the conversion of the DEPMPO-OOH
adduct to DEPMPO-OH. To determine ifa 'O,~
adduct could be obtained from HUVEC mem-
branes, additional experiments were per-
formed using 50 ng of protein incubated with
NADH (100 pM) in the absence of DETC at
room temperature. Under these experimental
conditions, an obvious DEPMPO-OOH adduct
was observed superimposed upon a smaller
DEPMPO-OH adduct (Fig. 3).

HUVEC oxidase dose-response

Superoxide production was measured in the
presence of 5, 10, and 20 ug of membrane pro-
tein. As shown in Fig. 4, superoxide produc-
tion increased with increasing concentrations

of homogenate protein (504 + 79, 1,026 *+ 151,
1,745 * 306, respectively).

Substrate specificity

Superoxide production was measured using
substrates for known biologic sources of su-
peroxide. The most vigorous superoxide pro-
duction was seen with NADH (1,038 = 68).
NADPH drove a measurable but significantly
lower amount of superoxide production com-
pared to NADH (540 + 101). Xanthine, succi-
nate/antimycin-A, and arachidonic acid pro-
duced minimal ESR signal, suggesting minimal
involvement of xanthine oxidase, mitochondr-
ial electron transport, or cyclooxygenase/

lipoxygenase as the source of ROS from the
HUVEC homogenate (Fig. 5).

Oxidase inhibitors

To delineate further the identity of the su-
peroxide-producing enzyme, inhibitors of
other oxidase enzymes were used (Fig. 6). No
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FIG. 2. Identity of the radical species formed by HUVEC oxidase. Incubations of membrane homogenates with
NADH, DETC, and DEPMPO in Ca/EDTA PBS were performed in the presence or absence of catalase (1000 U/ml)
or Mn-SOD (100 U/ml). (Left) Actual ESR spectra. (Right) Data from five separate experiments.
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FIG. 3. ESR spectra showing evidence for 'O, production by HUVEC membranes. HUVEC membranes (50 ug)
obtained by differential centrifugation (see text) were incubated with NADH (100 pM) and DEPMPQ (1.0 mM) at
room temperature in the absence of DETC at room temperature for 1 hr. ESR spectra were obtained as in Fig. 1. (Up-
per panel) Absence of an ESR spectrum in the absence of protein. (Lower panel) Predominant DEPMPO-OOH spec-
trum (-) superimposed upon a DEPMPO-OH spectrum.
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FIG. 4. Concentration dependence of membrane fraction protein and oxidase activity. A total of 5, 10, and 20 ug
of protein were incubated in 1 m! containing NADH, DETC, and DEPMPO in Ca/EDTA PBS as described in the text.
(Left) Actual ESR spectra from one experiment. (Right) Average of five separate experiments.

significant decrease in the ESR signal was seen
with rotenone, indomethacin, oxypurinol, or L-
NNA, suggesting that the source of superoxide
is unlikely to be mitochondrial electron trans-
port, cyclooxygenase/lipoxygenase, xanthine
oxidase, or NOS. A significant decrease in the
signal was seen with the flavoprotein inhibitor
DPI (268 + 81 compared to 1,052 = 68 for
NADH control).

DISCUSSION

In the present study, ESR spectroscopy was
used to establish clearly the presence of an
NADH/NADPH-driven oxidase in human en-
dothelial cells. When NADH, or to a lesser ex-
tent NADPH, was added to membrane frac-
tions of these cells, a DEPMPO spin adduct was
easily detectable using ESR. The formation of
this adduct was inhibited by addition of SOD
and was detected only in membrane subcellu-
lar fractions. Importantly, ‘O, production in

response to NADH or NADPH was not pre-
vented by specific inhibitors of other well-de-
scribed oxidases.

Our current findings are in keeping with pre-
vious studies using lucigenin-enhanced chemi-
luminescence to demonstrate the presence of a
membrane-bound NADH-dependent oxidase in
vascular cells (Mohazzab et al., 1994; Ushio-
Fukai et al., 1996). Recently, lucigenin-enhanced
chemiluminescence has been critized, because
lucigenin may react with intracellular flavopro-
teins, indirectly leading to the production of su-
peroxide (Vasquez-Vivar et al., 1997). Our cur-
rent approach avoids this potential pitfall.
Previous studies have found varying relative
potencies of NADH and NADPH in driving
‘O, as detected by lucigenin and other ap-
proaches. This inconsistency may be due to dif-
ferent sources of endothelial cells, differences in
cell preparation, or due to the differences in de-
tection methods. Despite these minor differ-
ences, the findings in the current study are qual-
itatively similar to prior studies using other
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FIG. 5. Substrate preference of the HUVEC oxidase.
The HUVEC membrane fraction was incubated with
DETC and DEPMPO in Ca/EDTA PBS in the presence of
known oxidase substrates 100 uM NADH, 100 uM
NADPH, 100 nM xanthine, 5 mM succinate with 30 uM
antimycin A or 100 uM arachidonic acid. Only NADH
and to a lesser extent NADPH were able to drive signif-
icant superoxide production.

measurement approaches (Mohazzab et al,
1994; Pagano et al., 1995; Ushio-Fukai et al., 1996).

A significant finding in this study is the iden-
tity of the ROS produced by HUVEC. Enzy-
matic reduction of oxygen can potentially lead
to the production of superoxide, H,O,, or hy-
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FIG. 6. Inhibition of HUVEC superoxide production.
A total of 10 pg of protein was incubated in 1 ml con-
taining NADH, DETC, and DEPMPO in Ca/EDTA PBS
and either 100 uM rotenone, 100 M oxypurinol, 10 uM
indomethacin, 10 uM L-NNA, or the 10 uM flavoprotein
inhibitor DPL Only DPI was able to reduce to superoxide
signal significantly
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droxyl anion, each of which can have specific
effects on vascular processes. By showing com-
plete quenching of the ESR signal with SOD
and by demonstrating the characteristic
DEPMPO-OOH superoxide adduct, we have
confirmed the identity of the product of the
HUVEC oxidase to be superoxide. Superoxide
has been shown to play a major role in vascu-
lar disease, including direct scavenging of NO
to form peroxynitrite (White et al., 1994; Pryor
and Squadrito, 1995), vascular growth (Ushio-
Fukai et al., 1996), and initiation of inflamma-
tory pathways via the NF-«B transcription fac-
tor (Hishikawa and Luscher, 1997). In addition,
dismutation of superoxide by SOD leads to for-
mation of H>O, (Fridovich, 1997), formation of
hydroxyl, and peroxidation of lipids (Darley-
Usmar et al., 1992).

To examine for other potential sources of
‘0,7 in endothelial cell homogenates, we used
two approaches. First, we examined ‘O,~ pro-
duction in response to a variety of substrates
for other superoxide-producing oxidases. Sub-
strates for xanthine oxidase, cyclooxygenase,
and the mitochondrial electron transport chain
were unable to produce a detectable ESR sig-
nal. NOS is capable of producing 'O,
(Vasquez-Vivar et al., 1998; Xia et al., 1998);
however this enzyme solely uses NADPH as
an electron donor, in contrast to our present
findings. Second, we used inhibitors of several
enzymes or enzyme systems previously shown
to produce ROS. Neither indomethacin,
rotenone, oxypurinol, nor L-nitroarginine af-
fected the signals produced by addition of
NADH. Importantly, the nonspecific flavopro-
tein inhibitor diphenylene iodinium markedly
inhibited NADH-driven ‘O,~ production, com-
patible with the responsible enzyme containing
flavins. Of note, treatment of cells with apoc-
ynin, an inhibitor of the neutrophil oxidase
(Stolk et al., 1994), failed to inhibit ‘O,™ pro-
duction in homogenates of endothelial cells in
several preliminary studies (data not shown).
This strongly suggests that the endothelial cell
oxidase may not be identical to the neutrophil
enzyme system.

Numerous previous studies have shown that
mitochondria can produce ROS. This seems to
be accentuated in pathological conditions such
as heart failure (Ide et al., 1999), ischemia reper-
fusion (Ueta et al., 1990), and following various
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toxins (Ogura et al., 1991; Pryor et al., 1992). Our
failure to observe a spin adduct in the presence
of succinate and antimycin does not exclude
the potential role of mitochondria as source of
ROS in intact endothelial cells. The homoge-
nization approach employed in this study was
designed to optimize examination of nonmito-
chondrial membranes and cytoplasmic frac-
tions, rather to study mitochondrial sources
specifically. It is possible that in various disease
states, mitochondrial production of ROS may
be more prominent than observed in the pres-
ent studies.

In conclusion, the present study clearly es-
tablishes the presence of an NADH/NADPH
oxidase in human endothelial cells using a spe-
cific ESR-based approach. The activity of this
enzyme appears far greater than that of other
traditionally described sources of ‘O,~, and it
is likely that it contributes to oxidative events
within the endothelium in both normal and
pathophysiological conditions.
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ABBREVIATIONS

DETC, Diethyldithiocarbamic acid; DEPMPO,
diethoxyphosphoryl)-5-methyl-1-pyrroline ~ N-
oxide; DPI, diphenylene iodinium; ESR, electron
spin resonance; GHz, gigahertz; HUVEC, human
umbilical vein endothelial cells; L-NNA, N-nitro-
L-arginine; NADH, nicotine adeninine diphos-
phate (reduced form); NADPH, nicotinamide
adenine dinucleotide/nicotinamide adenine din-
ucleotide phosphate; NOS, nitric oxide synthase;
027, superoxide anion; PMSF, phenylmethylsul-
fonyl flouride; SOD, superoxide dismutase.

REFERENCES

BOLLL R., JEROUDI, M.O., PATEL, B.S,, DUBOSE, C.M,,
LAl E.K.,, ROBERTS, R., and MCCAY, P.B. (1989). Di-

SOMERS ET AL.

rect evidence that oxygen-derived free radicals con-
tribute to postischemic myocardial dysfunction in the
intact dog. RSttty 4695—4699.

BRADFORD, M.M. (1976). A rapid and sensitive method
for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248-254.

COSENTINOQ, F., and KATUSIC, Z. (1995). Tetrahydro-
biopterin and dysfunction of endothelial nitric oxide
synthase in coronary arteries. Circulation 91, 139-144.

DARLEY-USMAR, V.M., HOGG, N., V], O.L., WILSON,
M.T., and MONCADA, S. (1992). The simultaneous
generation of superoxide and nitric oxide can initiate
lipid peroxidation in human low density lipoprotein.
Free Radical Res. Commun. 17, 9-20.

FRIDOVICH, I. (1997). Superoxide anion radical (O2-.),
superoxide dismutases, and related matters. J. Biol.
Chem. 272, 18515-18517.

GRIENDLING, K.K., OLLERENSHAW, ].D., MINIER]I,
C.A., and ALEXANDER, R.W. (1994). Angiotensin II
stimulates NADH and NADPH activity in cultured vas-
cular smooth muscle cells. Circ. Res. 74, 1141-1148.

HISHIKAWA, K., and LUSCHER, T.F. (1997). Pulsatile
stretch stimulates superoxide production in human aor-
tic endothelial cells. Circulation 96, 3610-3616.

IDE, T., TSUTSUIL, H., KINUGAWA, S., UTSUMI, H.,
KANG, D.,, HATTORI, N., UCHIDA, K., ARIMURA, K.,
EGASHIRA, K., and TAKESHITA, A. (1999). Mito-
chondrial electron transport complex I is a potential
source of oxygen free radicals in the failing myo-
cardium. Circ. Res. 85, 357-363.

JONES, S.A, ODONNELL, V.B, WOOD, ]D,
BROUGHTON, J.P.,, HUGHES, EJ., and JONES, O.T.
(1996). Expression of phagocyte NADPH oxidase com-
ponents in human endothelial cells. Am. J. Physiol. 271,
H1626-H1634.

KHAN, B.V., ALEXANDER, RW., and MEDFORD, R.M.
(1994). Oxidized low density lipoprotein selectively
augments cytokine activated VCAM-1 gene expression
in human vascular endothelial cells. J. Cell Biochem.
18A, 268 (abstract).

MALLAT, Z., PHILIP, 1, LEBRET, M., CHATEL, D.,
MACLOUF, J., and TEDGUI, A. (1998). Elevated levels
of 8-iso-prostaglandin F2alpha in pericardial fluid of
patients with heart failure: a potential role for in vivo
oxidant stress in ventricular dilatation and progression
to heart failure. Circulation 97, 1536-1539.

MOHAZZAB, K M., KAMINSKI, P.M., and WOLIN, M.S.
(1994). NADH oxidoreductase is a major source of su-
peroxide anion in bovine coronary artery endothelium.
Am. . Physiol. 266, H2568-H2572.

OGURA, R, SUGIYAMA, M., HARAMAKI, N., and HI-
DAKA, T. (1991). Electron spin resonance studies on
the mechanism of adriamycin-induced heart mito-
chondrial damages. Cancer Res. 51, 3555-3558.

PAGANO, P., ITO, Y., TORNHEIM, K., GALLOP, P.,
TAUBER, A, and COHEN, R. (1995). An NADPH ox-
idase superoxide-generating system in the rabbit aorta.
Am. J. Physiol. (Heart Circ. Physiol.). 268, H2274-
H2280.

PRYOR, W., and SQUADRITO, G. (1995). The chemistry



SUPEROXIDE PRODUCTION IN ENDOTHELIAL CELLS

of peroxynitrite: a product from the reaction of nitric
oxide with superoxide. Am. J. Physiol. (Lung Cell Mol.
Physiol.) 12, L699-L722.

PRYOR, W.A,, ARBOUR, N.C, UPHAM, B, and
CHURCH, D.F. (1992). The inhibitory effect of extracts
of cigarette tar on electron transport of mitochondria
and submitochondrial particles. Frgg Radic Bigl Mad
12, 365-372.

RAJAGOPALAN, S., KURZ, S.,, MUNZEL, T., TARPEY,
M., FREEMAN, B.A., GRIENDLING, K.K.,, and HAR-
RISON, D.G. (1996a). Angiotensin II-mediated hyper-
tension in the rat increases vascular superoxide pro-
duction via membrane NADH/NADPH oxidase
activation: Contribution to alterations of vasomotor
tone. J_Clin_Invest, 97, 1916-1923.

RAJAGOPALAN, S, MENG, X.-P., RAMASAMY, S,
HARRISON, D.G., and GALIS, Z.S. (1996b). Reactive
oxygen species produced by macrophage-derived foam
cells regulate the activity of vascular matrix metallo-
proteinases in vitro: Implications for atherosclerotic
plaque stability. J_Clin, Invest, 98, 2572-2579.

ROUBAUD, V., SANKARAPANDI, S., KUPPUSAMY, P.,
TORDO, P., and ZWEIER, ].L. (1997). Quantitative mea-
surement of superoxide generation using the spin trap
5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide.
Anal,Biochem, 247, 404-411.

SOMERS, M.J., and HARRISON, D.G. (1999). Reactive
oxygen species and the control of vasomotor tone. Curr.
Hypertension Rep.- 1, 102-108.

STOLK, J., HILTERMANN, T.J., DIJKMAN, J.H., and
VERHOEVEN, A.]. (1994). Characteristics of the inhi-
bition of NADPH oxidase activation in neutrophils by
apocymn a methoxy—substlt'uted catechol. Am. |

1, 95-102.

TESFAMARIAM, B. (1994). Free radicals in diabetic en-
dothelial cell dysfunction. EreeRadic Bigl Med. 16,
383-391.

UETA, H., OGURA, R, SUGIYAMA, M., KAGIYAMA,
A., and SHIN, B. (1990). O2—. spin trapping on cardiac
submitochondrial particles isolated from ischemic and
non-ischemic myocardium. [_Mal Cell Cardigl 22,
893-899.

USHIO-FUKAI, M., ZAFARI, AM., FUKUI, T,
ISHIZAKA, N. and GRIENDLING, KXK. (1996).
p22phox is a critical component of the superoxide-gen-
erating NADH/NADPH oxidase system and regulates
angiotensin II-induced hypertrophy in vascular smooth
muscle cells. J_Biol, Chem, 271, 23317-23321.

VASQUEZ-VIVAR, ], HOGG, N., PRITCHARD, KA.,
JR., MARTASEK, P., and KALYANARAMAN, B.
(1997). Superoxide anion formation from lucigenin: an

electron spin resonance spin-trapping study. FEBS Lett.

403, 127-130.

VASQUEZ-VIVAR, ], KALYANARAMAN, B., MAR-
TASEK, P., HOGG, N., MASTERS, B.S., KAROUI, H.,,
TORDO, P., and PRITCHARD, K.A., JR. (1998). Super-
oxide generation by endothelial nitric oxide synthase:
the influence of cofactors. RpgeehatlAcadSci LISA,
95, 9220-9225.

WANG, H.D., PAGANO, PJ, DU, Y., CAYATTE, AJ],
QUINN, M.T., BRECHER, P., and COHEN, R.A. (1998).

787

Superoxide anion from the adventitia of the rat thoracic
aorta inactivates nitric oxide. Circ. Res. 82, 810-818.
WARNHOLTZ, A, NICKENIG, G, SCHULZ, E.,
MACHARZINA, R, BRASEN, J.H., SKATCHKOV, M.,
HEITZER, T, STASCH, ].P., GRIENDLING, KK,
HARRISON, D.G., BOHM, M., MEINERTZ, T., and
MUNZEL, T. (1999). Increased NADH-oxidase-medi-
ated superoxide production in the early stages of ath-
erosclerosis: evidence for involvement of the renin-an-

giotensin system. Circulation 99, 2027-2033.

WHITE, CR,, BROCK, T.A., CHANG, L.Y., CRAPQ, J,,
BRISCOE, P., KU, D., BRADLEY, W.A., GIANTURCO,
S.H., GORE, J., and FREEMAN, B.A. (1994). Superox-
ide and peroxynitrite in atherosclerosis. Proc. Natl.
Acad, Sci, USA 91, 1044-1048.

XIA, Y., and ZWEIER, J.L. (1997). Superoxide and perox-
ynitrite generation from inducible nitric oxide synthase
in macrophages. Rigeehad—dcidaSoi LIS 404, 6954
—6958.

XIA, Y., DAWSON, V.L.,, DAWSON, T.M., SNYDER, S.H.,
and ZWEIER, ].L. (1996). Nitric oxide synthase gener-
ates superoxide and nitric oxide in arginine-depleted
cells leading to peroxynitrite-mediated cellular injury.
Bl SinnlSanild 67706774,

XIA, Y., TSAI, A L., BERKA, V., and ZWEIER, J.L. (1998).
Superoxide generation from endothelial nitric-oxide
synthase. A Ca2* /calmodulin-dependent and tetrahy-
drobiopterin regulatory process. [_Biol. Chem. 273,
25804-25808.

ZAFARI, A M., USHIO-FUKAI M., AKERS, M., YIN, Q.,
SHAH, A., HARRISON, D.G.,, TAYLOR, W.R., and
GRIENDLING, K.K. (1998). Role of NADH/NADPH
oxidase-derived H202 in angiotensin II-induced vas-
cular hypertrophy. Hypertension 32, 488—495.

ZWEIER, ].L. (1988). Measurement of superoxide-derived
free radicals in the reperfused heart. Evidence for a free
radical mechanism of reperfusion injury. J. Biol. Chem,.
263, 1353-1357.

ZWEIER, ]J.L., FLAHERTY, ].T., and WEISFELDT, M.L.
(1987). Direct measurement of free radical generation
following reperfusion of ischemic myocardium. Proc.
Natl Acad Sci 1ISA 84, 1404-1407.

ZWEIER, J.L., KUPPUSAMY, P., WILLIAMS, R., RAY-
BURN, B.K., SMITH, D., WEISFELDT, M.L., and FLA-
HERTY, ].T. (1989). Measurement and characterization
of postischemic free radical generation in the isolated
perfused heart. J,_Biol. Chem, 264, 18890-18895.

Address reprint requests to:
Dr. David G. Harrison

319 WMRB

1639 Pierce Drive

Atlanta, GA 30322

E-mail: dharr02@emory.edu

Received for publication December 9, 1999; ac-
cepted April 11, 2000.


mailto:dharr02@emory.edu

Thisarticle has been cited by:

1. Young-Mi Go, Dean P. Jones. 2011. Cysteine/cystine redox signaling in cardiovascular disease. Free Radical
Biology and Medicine 50:4, 495-509. [ CrossRef]

2. UIf Landmesser, Sergey Dikalov, S. Russ Price, Louise McCann, Tohru Fukai, Steven M. Holland, William E.
Mitch, David G. Harrison. 2003. Oxidation of tetrahydrobiopterin leads to uncoupling of endothelial cell nitric
oxide synthase in hypertension. Journal of Clinical Investigation 111:8, 1201-1209. [ CrossRef]

3. Dan Sorescu, Kathy K. Griendling. 2002. Reactive Oxygen Species, Mitochondria, and NAD(P)H Oxidasesin the
Development and Progression of Heart Failure. Congestive Heart Failure 8:3, 132-140. [ CrossRef]

4. Mariano Janiszewski, Heraldo P. Souza, Xiaoping Liu, Marcelo A. Pedro, Jay L. Zweier, Francisco R.M. Laurindo.
2002. Overstimation of verestimation of NADH-driven vascular oxidase activity due to lucigenin artifacts. Free
Radical Biology and Medicine 32:5, 446-453. [ CrossRef]

5. Francisco R.M. Laurindo, Heraldo P. De Souza, Marcelo De A. Pedro, Mariano Janiszewski[37] Redox aspects of
vascular response to injury 352, 432-454. [CrossRef]

6. Francis J Miller, Kathy K GriendlingFunctional evaluation of nonphagocytic NAD(P)H oxidases 353, 220-233.
[CrossRef]

7. Dan Sorescu, Mark J Somers, Bernard Lassegue, Sharon Grant, David G Harrison, Kathy K Griendling. 2001.
Electron spin resonance characterization of the NAD(P)H oxidase in vascular smooth muscle cells. Free Radical
Biology and Medicine 30:6, 603-612. [ CrossRef]


http://dx.doi.org/10.1016/j.freeradbiomed.2010.11.029
http://dx.doi.org/10.1172/JCI14172
http://dx.doi.org/10.1111/j.1527-5299.2002.00717.x
http://dx.doi.org/10.1016/S0891-5849(01)00828-0
http://dx.doi.org/10.1016/S0076-6879(02)52039-5
http://dx.doi.org/10.1016/S0076-6879(02)53050-0
http://dx.doi.org/10.1016/S0891-5849(00)00507-4



