
Free Rad. Res., Vol. 29, pp. 441-.449 
Reprints available directly from the publisher 
Photocopying permitted by license only 

© 1998 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Harwood Academic Publishers imprint, 
part of The Gordon and Breach Publishing Group. 

Printed in Malaysia. 

Electron Spin Resonance Detection of 
Extracellular Superoxide Anion Released by 
Cultured Endothelial Cells 
JEAN-PIERRE SOUCHARD a, MARIE-ALINE BARBACANNE a'b, EMMANUEL MARGEAT a, 
ARLETTE MARET b, FRAN~OISE NEPVEU a and JEAN-FRANCOIS ARNAL b'* 

aLaboratoire de Synth~se, Physico-Chimie et Radiobiologie, Universitd Paul Sabatier, 31062 Toulouse Cedex, France; 
bINSERM U397, Institut Louis Bugnard, Laboratoire de Physiologie, CHU Rangueil, 31054 Toulouse Cedex, France 

Accepted by Prof. H. Sies 

(Received 27 March 1998; In revised form 24 July 1998) 

Objective and Methods Endothelium produces oxygen- 
derived free radicals which play a major role in vessel 
wall physiology and pathology. Whereas NO ° produc- 
tion from endothelium has been extensively character- 
ized, little is known about endothelium-derived O2". In 
the present study, we determined the 0 2. production 
of bovine aortic endothelial cells (BAEC) using the spin 
trap 5,5-dimethyl-1 pyrroline-N-oxide (DMPO) and 
electron spin resonance (ESR) spectroscopy. 

Results An ESR adduct DMPO-OH detected in the 
supernatant of BAEC after stimulation with the 
calcium ionophore A23187 originated from the trap- 
ping of extracellular O2", because coincubation with 
superoxide dismutase (30U/ml) completely sup- 
pressed the ESR signal, whereas catalase (2000 U/ml) 
had no effect. A23187 stimulated extraceUular 0 2" 
production in a time- and dose-dependent manner. The 
coenzymes NADH and NADPH both increased the 
ESR signal, whereas a flavin antagonist, diphenylene 
iodonium, abolished the ESR signal. Phorbol myristate 
acetate potentiated, whereas bisindolylmaleimide I 
inhibited the A23187-stimulated 0 2. production, sug- 
gesting the involvement of protein kinase C. These 
signals were not altered L-NAME, a NO-synthase 
inhibitor, suggesting that the endogenous production 
of NO ° did not alter 0 2" production. Finally, the 

amount of 0 2. generated by A23187-stimulated post- 
confluent BAEC was one order of magnitude higher 
than that evoked by rat aortic smooth muscle cells 
stimulated under the same conditions. 

Keywords: Endothelium, superoxide anion, electron spin 
resonance, nitric oxide 

Abbreviations: nitric oxide (NO'), superoxide anion (O~'), 
electron spin resonance (ESR), bovine aortic endothelial 
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I N T R O D U C T I O N  

McCord  and  Fridovich Ell showed  that  super -  

oxide free radical anion (02  °) is p roduced  enzy-  
matical ly and  demons t r a t ed  that  superoxide  

d i smutase  cata lyzed the d i smuta t ion  of 0 2  °. 
It was  demons t r a t ed  b y  several  g roups  that  
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endothelium releases a free radical, nitric 
oxide (NO'), which relaxes vascular smooth 
muscle, t2-'41 Whereas endothelium-derived NO" 
has been extensively characterized, Is'61 little is 
known about the source and the functions of 
endothelium-derived 0 2  °. However, endothe- 
lial 0 2  ° generation could be of major clinical 
importance. I71 

Two major sources of 0 2  ° have been distin- 
guished in mammalian cells. In most cell types, 
the mitochondrial respiratory chain is tradition- 
ally viewed as the major source of intracellular 
0 2  ° which is readily converted to hydrogen 
peroxide (H202) by mitochondrial superoxide 
dismutase (SOD). However, the phagocytes (neu- 
trophils, eosinophils, monocytes and macro- 
phages) possess an NADPH oxidase complex, 
which is able to generate very large amounts of 
0 2  ° extracellularly. But other cell types, such as 
vascular smooth muscle and fibroblasts, also 
have an N A D H / N A D P H  oxidase system which 
seems to be able to generate extracellular 02  °, but 
in lesser amounts than the phagocytes. Little is 
known about the molecular structure of the non- 
phagocytic NADPH oxidase system, except that 
one subunit of phagocyte NADPH oxidase 
(p22phox) appears to be involved in its activity 
in the vascular smooth muscle cells. I81 

Although lucigenin luminescence has been 
widely used to assess the low endothelial pro- 
duction of O2°, [9-12] the reliability of this techni- 
que has been recently questioned. E13-151 The other 
commonly used method for the detection of 0 2  ~ 
is the reduction of ferricytochrome c. ~16-19J In 
contrast, few studies have reported the genera- 
tion of O ;  ° by vascular endothelial cells using 
the spin trap 5,5-dimethyl-1 pyrroline-N-oxide 
(DMPO). I2°'211 However, it has been demon- 
strated that spin trapping is at least 20-fold more 
sensitive than ferricytochrome c for the measure- 
ment of O2°. I221 

Thus, in the present study, we applied electron 
spin resonance (ESR) spectroscopy to assess the 
production of 0 2  ° in cultured bovine aortic 
endothelial cells (BAEC) stimulated with various 

doses of the calcium ionophore A23187. The 
effect on endothelial 0 2  ° production of NADH, 
NADPH, diphenylene iodonium (DPI) and pro- 
tein kinase C modulators was studied, as these 
factors have been shown to modulate the activity 
of membrane N A D H / N A D P H  oxidase systems. 
We also examined the potential influence of 
endothelium-derived NO" on 0 2  ° production in 
post-confluent BAEC. Finally, we compared the 
production of 0 2  ° in BAEC with that of cultured 
rat aortic smooth muscle cells. 

METHODS 

Cell Culture and Materials 

BAEC were obtained as described previously I231 
and cultured in DME medium supplemented 
with 10% heat-inactivated calf serum (CS) at 
37°C and 1 ng/ml basic fibroblast growth factor 
(bFGF) under  a 10% CO2 humidified atmosphere. 
The cells used in this study were between the 5th 
and the 15th passage. All passages were made 
using a splitting ratio of 1:6. Confluency Was 
determined by visual inspection of the cells, and 
deemed present when > 95% of the cells were in 
contact with adjacent cells. Under these culture 
conditions, the cells invariably reached con- 
fluency 3 days after passage. Each measure was 
performed in a 25 cm 2 flask containing 2.5 x 106 
post-confluent BAEC (i.e. 4-6 days after con- 
fluency to allow maturation of the cells). 

Rat aortic smooth muscle cells were isolated 
from rat aorta as previously described.t241 Briefly, 
the thoracic aortae were excised and rinsed and 
the fat and collateral vessels removed. The 
adventitia were separated and the remaining 
media plus intima sliced into fine rings and 
incubated in DMEM containing co!lagenase 
(1248 IU/ml) for 40 min at 37°C. The rings were 
then flushed and filtered to remove the endothe- 
lial ceils, and placed in a second enzymatic bath 
(37°C, water bath agitation) containing collage- 
nase (87.5IU/ml) plus elastase (17.5IU/ml) in 
medium 199 (Boehringer). After 60min of this 
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second digestion, the cell suspension was briefly 
centrifuged (300 g, 5rain). The cell suspension 
was plated for 24 h in a plastic flask coated with 
0.1% collagen to produce a pure cell preparation 
( > 95% of smooth muscle cells), as confirmed by 
immunostaining with a monoclonal antibody for 
smooth muscle c~-actin. Confluent rat aortic 
smooth muscle cells were detached using tryp- 
sin/EDTA, and propagated in DME medium 
supplemented with 15% fetal cs, 50 IU/ml peni- 
cillin, and 50~g/ml streptomycin. Cells from 
passages 2-4 were used in the present study. Each 
measure was performed in 25 cm 2 flask contain- 
ing 2.5 x 106 just-confluent smooth muscle cells. 

Except when specified, all reagents were 
purchased from Sigma (St. Louis, MO): super- 
oxide dismutase (ref. S-25i5), catalase (ref. C-40), 
5,5-dimethyl-1 pyrroline-N-oxide (DMPO), 
diethylenetriaminepentaacetic acid (DTPA, ref. 
D-751) and activated charcoal. DMPO was pur- 
ified before use by treatment with activated char- 
coal for 15m in as reported in the literature, msl 
passed through a membrane filter (0.2~tm, 
Sartorius), aliquoted, protected from light and 
stored frozen at -20°C. 

ESR Measurements 

BAEC cultured in a 25 cm 2 flask were washed 
with PBS, and then incubated with a mix contain- 
ing 150 mM DMPO, 5 mM glucose, 2 mM CaCI2, 
15~M DTPA, 2mM NaC1, 5mM KC1 in sodium 
phosphate buffer (19mM NaH2PO4/53mM 
Na2HPO4, pH 7.4), A23187 for 15min (except 
for the dose-response runs). The supernatant 
was then transferred to a flat quartz cell which 
was inserted in a TM 110 Bruker cavity. ESR 
spectra were recorded at room temperature with 
an ER 200 D Bruker spectrometer by starting a 
3 min scan 5 rain after the end of the incubation 
with the cells. The ESR spectrometer operated 
at 9.66GHz with high frequency at 100kHz, 
modulation amplitude 1 Gauss, time constant 
0.5 s, microwave power 10 roW, field: mid-range 
at 3500Gauss, scan range 20Gauss/min. The 

intensity of the ESR signal was calculated by 
adding the height of the four peaks, and ex- 
pressed in arbitrary units. 

Statistical Analysis 

The data are expressed as mean + standard error. 
Comparisons of data between 2 groups were 
made using Student's t-test and between more 
than two groups by ANOVA and a Scheffe's post- 
hoc test when appropriate, p values < 0.05 were 
considered significant. 

RESULTS 

Characterization of the ESR Signals 
Detected using DMPO as Spin Trap 

The ESR signal given by unstimulated (basal) cells 
was less than 2-fold the baseline (Figure 1B). 
After 15rain incubation of DMPO with BAEC 
stimulated by the calcium ionophore A23187 
(10 ~M), a typical ESR signal was obtained result- 
ing from the DMPO-OH adduct (Figure 1A). 
This adduct could result from hydroxyl radical 
trapping by DMPO in the extracellular medium. 
However, it is well known that the DMPO-OOH 
adduct, resulting from the trapping of O2 °, 
decomposes rapidly into a more stable adduct: 
DMPO-OH. 1261 The effects of superoxide dis- 
mutase and catalase were tested as previously 
reported t27'2sl to identify the reactive oxygen 
intermediate released by the BAEC and initially 
trapped by DMPO. When superoxide dismutase 
30U/ml  was coincubated, the ESR signal was 
completely suppressed (n = 3, Figure 1C). Dena- 
tured superoxide dismutase (15 rain boiling) did 
not affect the ESR signal (n = 3, not shown). In 
contrast, coincubation of DMPO, catalase 
(2000 U/ml) and A23187 (10 ~tM) did not alter the 
morphology or the amplitude of the ESR signal 
given by BAEC (n = 3, Figure 1D). The catalase we 
used has been reported not to be contaminated 
by superoxide dismutase-like impurities, t291 We 
verified the selectivity of catalase, which did not 
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A D 

125 

B C 
FIGURE 1 Effect of A23187 on the ESR spectra obtained 
from BAEC. The cells (2.5 x 106) were incubated in the pre- 
sence of the spin trap DMPO and stimulated with (A) or 
without  (B) 10~VI A23187 for 15min. In parallel experi- 
ments, cells were coincubated with (C) A23187 and 30 U/ml  
superoxide dismutase or with (D) A23187 and catalase 
(2000 U/m]) as described in Materials and Methods. 

affect the DMPO-OOH signal generated by the 
xanthine/xanthine oxidase system, as previously 
reported. [3°] We have performed a control for a 
possible OH ° radical involvement using di- 
methylsulfoxide (DMSO). However, coincubation 
of BAEC with DMPO, DMSO 5% and A23187 
(10 ~tM) did not decrease the amplitude of the 
DMPO-OH signal neither did alter the morphol- 
ogy of the signal (the spin-adduct DMPO-CH3 
was not detected). Altogether, these results 
demonstrate that the ESR adduct DMPO-OH 
detected in the supernatant of BAEC originated 
from the trapping of extracellular O2 °. 

Regulation of O 2" Generation 

The time-course of the ESR signal intensity was 
studied with 3 and 10 ~ A23187 (Figure 2). The 
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FIGURE 2 T'tme-course of A23187 (3 and 10 gM) for the 
intensity of the ESR signal (AU, arbitrary units) from 
BAEC. Data are the average of triplicate incubations, and 
representative of 2 different experiments. 

signal was already detectable after 5 min after 
which the ESR signal intensity continued to 
increase, but more slowly. A 15 min incubation 
time was used in subsequent studies. 

The intensity of the ESR signal increased dose- 
dependently in response to A23187 (Figure 2). 
The effect of superoxide dismutase and catalase 
on the ESR signal produced from BAEC stimu- 
lated by 3gtM A23187 was similar to that 
described above with 10 gtM A23187 (not shown). 

The effect of the coenzymes, NADH and 
NADPH, was also tested. NADH (100~]VI) 
doubled the unstimulated (basal) 0 2" produc- 
tion, as well as the A23187-stimulated 02 ° pro- 
duction (Figure 3). NADPH (100 gM) increased 
both unstimulated (basal) and A23187-stimu- 
lated O 2' production by about 50% (Figure 3). 

Diphenylene iodonium (DPI, 30 ~M), a flavin 
antagonist, completely suppressed the unstimu- 
lated (basal) and the A23187-stimulated ESR 
signal (not shown). Once the DMPO-OOH ad- 
duct or the DMPO-OH adduct has been gener- 
ated by the xanthine/xanthine oxidase system, I2s] 
no alteration was induced by subsequent addi- 
tion of 100 gtM DPI (3-fold the concentration used 
in our study). When cells were preincubated with 
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FIGURE 3 Effect of the calcium ionophore A23187 (3 ~M), 
the phorbol ester PMA (I~M), NADH (100~M) and 
NADPH (100 ~M) on the intensity of the ESR signal (AU, 
arbitrary units) from BAEC (2.5 x 106). Data are the mean- 
±SE of sixplicate post-confluent BAEC incubations. 
*p < 0.05 vs respective basal (unstimulated) BAEC, #p < 0.05 
vs respective A23187-stimulated ceils, o p<0.05 vs basal 
(first column) BAEC. 

30 pM DPI for 15min, and when the cells were 
then incubated in the buffer containing A23187 
and DMPO but  not DPI, the production of O2 ° 
was still inhibited. The DMPO-OH signal elicited 
by A23187 and NADH in BAEC was also 
completely inhibited by DPI (not shown). 

The effect of an activator of protein kinase C, 
phorbol 12-myristate 13-acetate (PMA, 1 ~tM) and 
of an inhibitor of protein kinase C, bisindolylma- 
leimide I (5 ~M, 15 rain preincubation) was eval- 
uated. Whereas PMA alone did not alter O2 ° 
generation as detected by ESR, it slightly but 
significantly potentiated the stimulatory effect of 
A23187, both in the presence and absence of 
NADH or NADPH (Figure 3). Conversely, pre- 
incubation of BAEC with bisindolylmaleimide I 
for 15 min decreased the ESR signalby 55%. These 
data suggest that protein kinase C activation is 
involved in the 0 2  ° generation. Finally, preincu- 
bation with the xanthine oxidase inhibitor allo- 
purinol (120 ~tM) for 20 h did not alter the DMPO- 
OH signal elicited by A23187, either in the 
presence or absence of NADH (not shown). 

+ + 

I + NADH I I+NADPH] 

FIGURE 4 Effect of the calcium ionophore A23187 (3 ~VI), 
NADH (100 ~M) and NADPH (100~M) on the intensity of 
the ESR signal (AU, arbitrary units) from smooth mucle 
cells (2.5 x 10 ). Data are the mean±SE of sixplicate conflu- 
ent smooth muscle cells incubations. Note that the scale is 
10-fold smaller. 

Effect of Arginine-depletion and of a NO- 
synthase Inhibitor on 0 2  ° Production in 
Just- and Post-confluent BAEC 

The NO-synthase inhibitor L-NAME (NW-nitro - 
L-arginine methyl ester, 100~M) did not alter 
02  ° generation induced by A23187 in BAEC 
(L-NAME: 52 + 5 AU vs control: 50 ± 4 AU, NS). 
BAEC were preincubated for 3 h in a medium 
with or without 1 mM L-arginine. We have 
previously shown that 3h preincubation in 
arginine-free medium reduces the intra-cellular 
arginine to about 80-100 ]/M. I311 Arginine deple- 
tion did not affect the A23187-induced ESR signal 
(54 + 7 AU vs control: 50 q- 4 AU, NS). These data 
do not suggest that NO-synthase activity influ- 
ences 02  ° generation. 

Comparison with Rat Aortic Smooth 
Muscle Cells 

Under the same conditions, rat aortic smooth 
muscle cells stimulated with 10 ~M A23187 for 
15 min did not induce any detectable ESR signal, 
whatever the confluency (Figure 4). However, 
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NADH (100 ~M) and NADPH (100 pdVI) induced 
a detectable ESR signal in unstimulated (basal) 
02 ° production, as well as in A23187-stimulated 
rat aortic smooth muscle cells (Figure 4). How- 
ever, the amplitude of the signal was 5-fold (when 
the 02  ° production is indexed to cell number) to 
10-fold (when the O2 ° production is indexed to 
cell surface) less than that of the 10 ~Vl A23187- 
stimulated BAEC. DPI (30 ~M) completely sup- 
pressed NADH and NADPH-elicited ESR signal 
(not shown). 

DISCUSSION 

The major findings of the present s tudy are: (1) 
Extracellular O 2- prOduction of calcium iono- 
phore-stimulated BAEC can be detected using 
ESR; (2) This calcium ionophore A231987 is a 
potent stimulus of this O~ ° production, which is 
also dependent  on protein kinase C activation; (3) 
Both basal and A23187-stimulated production are 
potentiated by adding NADH or NADPH, and 
are completely inhibited by the flavin antagonist 
DPI, suggesting that an NADH/NADPH oxidase 
system accounts for this extracellular 02  ° pro- 
duction; (4) The inhibition of NO-synthase activ- 
ity does not alter 02  ° production; and (5) Finally, 
the amount of 02  ° generated by stimulated 
BAEC was one order of magnitude higher than 
that evoked by rat aortic smooth muscle cells 
stimulated under  the same conditions. 

Few studies have reported the generation of 
02 ° by vascular endothelial cells using the spin 
trap DMPO. Rosen and Freeman I2°1 used the EPR 
technique to detect O 2- in endothelial cells ex- 
posed to menadione, an uncoupling agent of the 
cellular reductases, and Zweier et al. I21] detected 
02  ° in endothelial cells on reoxygenation after 
anoxia. These studies did not however explore 
the capacity of BAEC to generate 02  ° under 
physiological conditions (normoxia). Because 
NO ° and 02  ° both contain an unpaired electron, 
they react rapidly together to form peroxynitrite. 
02 ° is thus recognized to be a powerful inacti- 
vator of the messenger NO °, and the extracellular 

release of 0 2" could further decrease the half-life 
of NO" in vivo. [32] 0 2" is known to react rapidly 
with NO" in solutions, the rate constant, k, being 
6.7 x 109M-is -1, which is about 3-times higher 
than that of SOD-catalyzed dismutation 
(2 × 109M -1 s--l). [32] Thus, we can speculate that 
the 0 2" production generated by endothelium 
helped to shorten the half-life of NO',  thereby 
enabling this radical to fulfill its role of local 
messenger. 

Conversely, 0 2" was acknowledged as early as 
1986 to inactivate EDRF. [33,34] We therefore tried to 
determine whether or not endogenous NO" influ- 
enced 0 2" production by studying the effect of 
intracellular arginine depletion on 0 2" genera- 
tion. This treatment could alter 0 2" generation in 
at least two ways: (1) it might decrease NO" 
production by decreasing the availability of NO- 
synthase substrate. We and others have already 
shown that arginine depletion slightly decreases 
NO" production in response to  a calcium iono- 
phore; [31] (2) arginine depletion might also induce 
the generation of 0 2" from NO synthase. [35-37] 
Although this mechanism has never been re- 
ported for endothelial NO synthase, it has been 
demonstrated both in vitro and in cells for the 
neuronal isoforrn. [35-37] We could not however 
detect any effect of arginine depletion on 02  ° 
generation from BAEC using ESR, possibly due to 
the capacity of endothelial cells to recycle citrul- 
line into arginine, thus avoiding the extensive 
depletion of NO-synthase substrate. I3s] In addi- 
tion, we did not detect any effect of L-NAME, an 
inhibitor of NO-synthase, on 02 ° generation from 
BAEC. It has previously been reported that 
neither the basal nor acetylcholine-stimulated 
production of endogenous NO" is sufficient to 
reduce O2 ° levels. [9"39"4°1 These studies and the 
present data both support the idea that the 
amount of endothelium-derived NO°, [41] al- 
though quite detectable in these cultured BAEC, 
does not significantly alter the released 02". 

Phagocytic cells, such as polymorphonuclear 
cells or monocytes and macrophages, generate 
large amounts of O2 ° through activation of the 
multimeric plasma membrane enzyme NADPH 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ENDOTHELIUM-DERIVED SUPEROXIDE ANION 447 

oxidase. More recently, it has been reported that 
non-phagocytic cells, such as fibroblasts or 
vascular smooth muscle cells, also generate 
O2", I42"431 at least in part to an N A D H / N A D P H  

oxidase system. However, the molecular identity 
of the N A D H / N A D P H  oxidase system present in 
vascular smooth muscle is only partially under- 
stood. Ushio-Fukai et al. ~81 provided the initial 
evidence that p22phox was a critical component 
of the O2"-generating N A D H / N A D P H  oxidase 
system in vascular smooth muscle cells. The 
nonphagocytic and phagocytic oxidases never- 
theless appear to be structurally and functionally 
different, t431 

Mohazzab-H et al. tnl have previously shown 
that an NADH-oxidase system accounts for most 
of the O2 ° generated in cultured bovine coronary 
endothelial cells. Jones et al. t441 demonstrated that 
cultured human endothelial cells express both 
mRNA and protein for cytos01ic components of 
the phagocyte NADPH oxidase, but, as they 
could not detect the cytochrome b558 heme, they 
concluded that contribution of the phagocyte 
NADPH oxidase to O 2" generation would be 
unlikely. In the present study, the endothelial 
N A D H / N A D P H  oxidase system appears to pre- 
ferentially utilize NADH rather than NADPH, 
and to be completely inhibited by DPI, thus 
suggesting the absolute requirement for a flavin. 
These characteristics are in agreement with those 
reported previously using lucigenin-enhanced in 
chemiluminescence in bovine coronary endo- 
thelial cells ml and in human endothelial cell 
homogenates, t441 Furthermore, in contrast to the 
phagocytic NADPH oxidase, calcium ionophore 
is a powerful stimulus of the endothelial NADH/  
NADPH oxidase system, compared to phorbol 
myristate acetate which seems to be weak. This 
profile of production is very similar to that 
reported in cultured human fibroblasts, t431 In 
the present study, the xanthine oxidase inhibitor 
allopurinol did not alter the extracellular 02  ° 
generation. However, xanthine oxidoreductase, 
and in particular the dehydrogenase form of the 
enzyme, can generate 02  ° from NADH. E45'461 
Furthermore, this generation appears to be 

inhibited by  DPI and not by  allopurinol. Thus, 
although xanthine oxidoreductase is an intra- 
cellular enzyme, we cannot exclude that part of 
the BAEC extracellular 0 2  ° may be generated by 
this enzyme. 

What is the major source of extracellular 0 2- in 
the vessel wall? The present work suggest that, 
at least in culture conditions, the endothelium 
appears to generate far more extracellular 0 2  ° 
than the vascular smooth muscle. This in vitro 
study is in agreement with an in vivo study in rat 
aorta, which demonstrated that 02  ° generation 
was decreased by endothelium removal and DPI, 
unaltered by NO synthase inhibition, and in- 
creased more with NADH than with NADPH. I391 
These results are somewhat different from those 
obtained in rabbit aorta, in which 0 2  ° generation 
was decreased by DPI and unaltered by NO- 
synthase inhibition, but  where 0 2  ° generation 
was not reduced, or was even increased, by 
endothelium removal, and was mainly dependent 
on NADPH. t9"47'481 Thus, considerable differences 
may exist between species, and bovine endothe- 
lium (present study) appears to resemble human 
endothelium more closely 144~ in this respect than 
rabbit endothelium, t9"47'481 

Li et al. concluded that lucigenin-derived 
chemiluminescence still appeared to be a valid 
probe for detecting 02  ° production by enzymatic 
and cellular sources. [49] It should be noted that 
the previously reported regulations of 0 2- pro- 
duction by vascular endothelial cells using 
lucigenin-enhanced chemiluminescence tg-~ll ap- 
pear to parallel those of the present study using 
using DMPO and ESR spectroscopy. In any case, 
because of the difficulty in reliably assessing 02  ° 
production in biological systems, we believe that 
the technique described herein will provide a 
useful tool for subsequent studies. 
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