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In the present study we investigated the specificity and
sensitivity of the chemiluminescence (CL) dye and luminol
analogue 8-amino-5-chloro-7-phenylpyrido[3,4-d]pyrida-
zine-1,4-(2H,3H) dione (L-012) to detect reactive oxygen
species (ROS) such as superoxide, peroxynitrite and
hydrogen peroxide in cell free systems as well as in
isolated mitochondria. The results obtained by L-012 were
compared with other CL substances such as luminol,
lucigenin, coelenterazine and the fluorescence dye
dihydroethidine. The results indicate that the L-012-
derived chemiluminescence induced by superoxide from
hypoxanthine/xanthine oxidase (HX/XO) or by 3-mor-
pholino sydnonimine (SIN-1)-derived peroxynitrite largely
depends on the incubation time. Irrespective of the
experimental conditions, L-012-derived CL in response to
HX/XO and SIN-1 was 10—-100 fold higher than with other
CL dyes tested. In a cell-free system, authentic peroxy-
nitrite yielded a higher L-012-enhanced CL signal than
authentic superoxide and the superoxide-induced signal in
cell-free as well as isolated mitochondria increased in
the presence of equimolar concentrations of nitrogen
monoxide (NO). The superoxide signal/background ratio
detected by L-012-enhanced CL in isolated mitochondria
with blocked respiration was 7 fold higher than that
obtained by the superoxide sensitive fluorescence dye
dihydroethidine. We conclude that L-012-derived CL may
provide a sensitive and reliable tool to detect superoxide
and peroxynitrite formation in mitochondrial suspensions.
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Abbreviations: CL, chemiluminescence; DEA/NO, diethylamine
NONOate; DHE, dihydroethidine; DMSO, dimethylsulfoxide;
DPI, diphenyleneiodonium chloride; DTPA, diethylenetriamine-
pentaacetic acid; HX, hypoxanthine; L-012, 8-amino-5-chloro-7-
phenylpyrido[3,4-d]pyridazine-1,4-(2H,3H)dione sodium salt;
MnTMPyP, Mn(Ill)tetrakis(1-methyl-4-pyridyl)porphyrin pen-
tachloride; MOPS, 3-morpholinopropanesulfonic acid; PBS,

phosphate buffered saline; PEG-SOD, polyethylene glycolated
superoxide dismutase; PTIO, 2-phenyl-4,4,5,5 -tetramethylimida-
zoline-1-oxyl 3-oxide; ROS, reactive oxygen species; SIN-1,
3-morpholino sydnonimine; SMP, submitochondrial particles;
SNP, sodium nitroprusside; SPE/NO, spermine NONOate;
Tris, tris(hydroxymethyl)aminomethane; XO, xanthine oxidase.

INTRODUCTION

The last decades have expanded the knowledge on
the role of reactive oxygen species (ROS) in organ-
isms. Many studies have revealed that ROS partici-
pate in signaling pathways.!"! Examples include the
stimulatory effect of the endothelium-derived relax-
ing factor nitrogen monoxide (NO) on the soluble
guanylyl cyclase!?! and the oxidative activation/
inactivation of key enzymes by the superoxide anion
or related species,®! including reversible pro-
cesses classified by the term “redox regulation”.[*”!
Radical intermediates also play an essential role in the
biosynthesis of ?rostaglandins and in the lipoxygen-
ase pathway.!®! Under physiological conditions,
production of ROS is well controlled within the
organism, but under certain circumstances the redox
equilibrium is shifted towards oxidative stress.
Enzymatic sources accounting for this pheno-
menon include the vascular NAD(P)H oxidase,!”®!
the xanthine oxidase (XO),”) nitric oxide synthase
isoforms in uncoupled conditions"*™! and a dis-
turbed respiratory chain in mitochondria.!"?! Despite
the evidence that ROS play an important role in
vascular disease (for review see[13]), there is con-
tinued discussion about the specificity, sensitivity
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and validation of methods used to quantify them in
intact tissue. Especially the discrimination between
superoxide and its diffusion-controlled reaction
product with NO, peroxynitrite,"*! is of special
interest and requires optimized detection methods
as well as appropriate controls.

Methods used include chemiluminescence
techniques (CL),“S] fluorescence-based assays,[16]
UV/Vis and electron paramagnetic resonance
(EPR) spectroscopy. The frequently used cytochrome
¢ assay may lead to false-positive results in the
presence of both reactive species due to the oxidation
of superoxide-reduced ferrous cytochrome c by
peroxynitrite.“ﬂ Recently, the novel luminol ana-
logue L-012 was introduced and several groups
demonstrated that this CL-substance is able to
specifically detect superoxide in vascular™® and
inflammatory cells with high sensitivity.[**%!

In the present study, we investigated the specificity
as well as the sensitivity of L-012 to detect
peroxynitrite and superoxide. To discriminate
between peroxynitrite- and superoxide-derived sig-
nals, constant fluxes of superoxide from the hypox-
anthine (HX)/XO system were employed and
exposed to increasing fluxes of NO derived from
various donors. Since previous observations point to
a crucial role of the mitochondrial electron transport
system as a significant source of ROS in the develop-
ment of oxidative stress in aging and ischemia/
reperfusion models!'**"! as well as in hypercholester-
olemia,?! 1.-012 was tested for its ability to detect
superoxide generated within isolated mitochondria
or submitochondrial particles (SMP). To this end,
several inhibitors of mitochondrial respiration were
used to stimulate the formation of superoxide and
these fluxes were matched by NO fluxes from various
donors to test whether L-012 is able to detect
peroxynitrite formation within mitochondria.

MATERIALS AND METHODS

Materials

Authentic peroxynitrite was purchased as an alkaline
stock solution from Calbiochem and the concen-
tration was determined using an extinction coeffi-
cient of 1670/M/cm at 302nm. L-012 was purchased
from Wako Pure Chemical Industries (Japan) and
argon as well as NO (technical grade) from Air
Products GmbH (Hattingen, Germany). DHE was
obtained from Molecular Probes Inc. (Leiden, Nether-
lands) and MnTMPyP, SPE/NO, DEA/NO, SIN-1
and PTIO from Calbiochem (La Jolla, USA).
Lucigenin, coelenterazine, luminol, antimycin A,
myxothiazol, rotenone, potassium cyanide, sodium
nitroprusside, PEG-SOD, PEG-catalase, DPI, DTPA,
uric acid, succinate and a suspension of XO (grade 1)
from buttermilk were all obtained from Sigma. PBS

buffer was from Dulbecco and did not contain
bicarbonate, Mg®* and Ca®". All other chemicals
were of high purity grade and purchased from Sigma,
Alexis or Fluka.

Determination of the Octanol/Water Partition
Coefficients for CL Dyes

The absorption (using Ama.x) of L-012, luminol,
lucigenin (each 100 uM) and coelenterazine (50 M)
in 1ml PBS at room temperature was determined
with a Beckman DU 640 spectrophotometer. After
repeated Vortex mixing with an equal volume of
octanol the absorption of the CL dyes in the aqueous
fraction was remeasured again. The partition coeffi-
cients were calculated as a ratio of the concentration
of the CL dye in the organic and aqueous phase.

Sensitivity and Selectivity of Different CL Dyes

L-012 (100 M), luminol (100uM), lucigenin
(100 wM) or coelenterazine (100 uM) were incubated
for 10 min in PBS buffer containing DTPA (100 M)
and HX (1 mM) at room temperature. Thereafter, the
basal (background) signal was determined in a
chemiluminometer (Lumat LB9507, Berthold Techn.,
Bad Wildbad, Germany) at intervals of 60s for
10 min. This procedure was repeated for all CL dyes
in the presence of either XO (10mU/ml), SIN-1
(ImM) or H,O, (1mM). The final volume of all
samples was 0.5 ml and the results were expressed as
counts/min at 10 min. In the similar experiments the
incubation time and concentrations of XO, SIN-1 as
well as CL dyes were varied. DTPA was added to
suppress Fenton reactions which could originate
from free metals in the XO preparations.

Detection of Authentic and In Situ Generated
Superoxide and Peroxynitrite

A saturated solution of KO, in water-free DMSO
(6mM at room temperature based on the absorption
at 260nm) served as the superoxide source.
A saturated stock of NO in argon-purged, oxygen-
free water (2 mM at 20°C) served as the NO source.
NO (2.5-250 uM) was added to the L-012 (100 uM)
containing PBS solution and the sample was
immediately positioned in the chemiluminometer.
Measurements were started by the addition of KO,
in DMSO through the counter’s injection unit,
yielding a final superoxide concentration of
approximately 50 uM. The CL was counted at
intervals of 3s and the value after 15s was used
for further analysis. At higher concentrations of KO,
the initial CL signal within the first 3s exceeded the
detection limit of the chemiluminometer and then
rapidly declined due to the fast decomposition of
superoxide.
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An alkaline stock of authentic peroxynitrite was
diluted to final concentrations of 0.2-200 uM in
5mM NaOH. Aliquots of 25l of these solutions
were added to a L-012 (100 uM) containing 0.5M
potassium phosphate buffer, pH 7.4 and simul-
taneously the measurements were started. The
addition of the alkaline stock solutions caused no
detectable shift in pH and yielded final peroxynitrite
concentrations of 0.01-10 uM. The effect of excess
NO (80 uM) on the peroxynitrite-induced CL signal
was tested. As a control, 10puM decomposed
peroxynitrite (30min at room temperature in PBS)
were added to test the effect of contaminants such as
H,0,. The CL was counted at intervals of 3s and
the value after 25s was used for further analysis.
At higher concentrations of Peroxynitrite the initial
CL signal within the first 3s exceeded the detection
limit of the chemiluminometer and then rapidly
declined due to the fast decomposition of Peroxynitrite.

The L-012-derived CL was also measured in
PBS containing DTPA (50 uM) upon addition of
XO (2.5mU/ml)/HX (ImM) and/or DEA/NO
(1-10,000nM) at room temperature at intervals of
30s. To some samples PTIO (0.01-1mM), sodium
bicarbonate (0.1-10 mM), uric acid (10 pM) or SOD
(500 U/ml) were added. The counts were recorded
after 5min. Similar experiments were performed
with SNP (1-1000 uM) or SPE/NO (10-10,000 nM)
as alternative NO-donors.

The experiments in the XO (2.5mU/ml)/HX
(ImM) system with varying concentrations of
SPE/NO (0.01-100 uM) were repeated in the
presence of either lucigenin, luminol (both 100 wM)
or coelenterazine (1 uM) in PBS containing DTPA
(50 pM).

Detection of Superoxide and Peroxynitrite
Formation in Isolated Rat Heart Mitochondria

Rat heart mitochondria were prepared according to a
modified method of Raha et al!*! Hearts from
untreated Wistar rats were homogenized in HEPES
buffer (composition in mM: 50 HEPES, 70 sucrose,
220 mannitol, 1 EGTA and 0.033 BSA) and subjected
to centrifugation steps at 4°C of 1500¢ for 10min
and 2000g for 5min (the pellets were discarded).
The resulting supernatant was centrifuged at 16,000g
for 20 min, and the pellet resuspended in 1 ml of Tris
buffer (composition in mM: 10 Tris, 340 sucrose,
100 KCI and 1 EDTA). The last centrifugation step
was repeated and the pellet was finally resuspended
in 1ml of Tris buffer. For preparation of SMP,
the mitochondrial suspension was sonicated, centri-
fuged at 50,000g for 30 min at room temperature
and the pellet was resuspended in buffer at
pH 74 (10mM KH,PO,, 100mM KCl, 250 mM
sucrose). The mitochondrial suspensions (total
protein 3-10mg/ml) were kept on ice.

Mitochondrial and SMP suspensions were diluted
to a final protein concentration of 0.1 mg/ml in 0.5 ml
of PBS buffer containing L-012 (100 nM). ROS
production was detected after stimulation with
succinate (4 mM final concentration) in the presence
or absence of antimycin A (20 pg/ml), myxothiazol
(20 pM), KCN (10 mM), rotenone (100 wM) or DPI
(100 wM). The CL was registered at intervals of 30s
over 5 min with a chemiluminometer and the signal
was expressed as counts/min at 5min.

In another set of experiments, the L-012-derived
CL was measured in succinate/antimycin A stimu-
lated mitochondrial suspensions as described above
but in the presence of either DEA /NO (0.01-100 nM)
or SNP (1-5000 uM). In addition, the effect of PTIO
(0.1 or 1mM), sodium bicarbonate (0.1-10 mM) or
SOD (10-1000U/ml) on the CL signal was tested.
Similar experiments were performed in mitochon-
drial suspensions stimulated with KCN (10 mM) in
the presence or absence of SNP (1-1000 uM) using
lucigenin (100 uM) as the CL probe.

Detection of Superoxide Formation in Isolated Rat
Heart Mitochondria by DHE-derived Fluorescence

Suspensions of mitochondria (0.2mg/ml) in PBS
were treated with DHE (1 pM) and stimulated with
succinate (5mM) and/or antimycin A (20 pg/ml).
The fluorescence was read with a plate reader
(Twinkle LB 970, Berthold Techn.) over 11 min at
37°C with excitation and emission wavelengths of
520 and 590 nm, respectively.[24] Each well contained
a final volume of 200 pl.

The formation of ROS in mitochondria was also
visualized by fluorescence microscopy. The mito-
chondrial suspensions (1 mg/ml) in MOPS buffer
were incubated at 37°C for 30 min in the presence of
DHE (5 uM) and Mito Tracker Green FM (100 nM,
Molecular Probes). The samples were either stimu-
lated with succinate (4mM) and myxothiazol
(20 M) or remained untreated. After washing
with Tris-buffer, fixation with paraformaldehyde
(4%, 10min at room temperature) and additional
washing steps, the samples were transferred to
microscope slides. Finally, images of the mitochon-
drial samples were recorded by fluorescence
microscopy (Leica DML, magnification 1000-fold).

RESULTS

Partition Coefficients of Different CL Dyes

The permeability of a CL dye for phospholipid
membranes determines whether it detects extra-
cellular or intracellular reactive species or both.
Figure 1 shows the structures of the CL dyes.
The partition coefficients were determined for
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FIGURE 1 Structures of the chemiluminescence dyes L-012
(1), luminol (2), coelenterazine (3) and lucigenin (4).

octanol/water and are 0.11 = 0.01 for lucigenin,
13.17 + 0.84 for coelenterazine, 1.13 *+ 0.08 for
luminol and 2.43 = 0.73 for L-012 in PBS buffer.

Sensitivity and Selectivity of Different CL Dyes

The CL-dyes L-012, luminol, lucigenin and coelen-
terazine were used to compare for their sensitivity
and specificity to detect superoxide (formed by the
HX/XO system), reactive species such as peroxyni-
trite (derived from SIN-1) and authentic H,O,
(Table I). The incubation time was crucial for the
SIN-1 CL reactivity. Irrespective of the chosen
experimental conditions, L-012 yielded 100 fold
higher CL-signals than other CL substances in
response to acute challenges with superoxide and
peroxynitrite.

Detection of Superoxide and Peroxynitrite by L-012
and other CL Dyes

To verify that L-012 detects peroxynitrite, the
authentic compound was used from an alkaline
stock. The results depicted in Table II show that

authentic peroxynitrite (0.01-10 M) increases the
L-012-derived CL signal in a dose-dependent
manner. Peroxynitrite (10 uM) yielded a 20 fold
higher CL signal than that obtained with KO,
(50 pM). Decomposed peroxynitrite yielded the
lowest CL signal and excess NO decreased the
peroxynitrite-derived CL.

KO, and NO were used, to study the specificity of
L-012 for the detection of superoxide and peroxy-
nitrite, respectively, without relying on the activity of
an enzymatic system such as HX/XO or a
peroxynitrite donor such as SIN-1. As shown in
Table II, the CL signal intensified with increasing
amounts of NO, compatible with the formation of
peroxynitrite. As expected, excess NO quenched the
signal in accordance with its peroxynitrite scaven-
ging activity in aerated solutions.

Similar observations were made when superoxide
produced by the HX/XO system was exposed to
increasing amounts of NO derived from various
NO-donors. The L-012 CL signal reached a maxi-
mum at a concentration of 100nM DEA/NO
(Table II). A further increase in the concentration
of DEA/NO resulted in a decline of the L-012-
derived CL signal reaching background values at a
concentration of 1-10 M DEA/NO. DEA/NO
(0.1-10 pM) in the absence of superoxide did not
modify the CL signal at all. When SPE/NO was
used, the maximum CL signal was reached at the
concentration of 1uM (Table III) followed by a
decline in the presence of excess NO. Comparable
results were obtained when SNP was used (not
shown).

The addition of the non-specific NO-scavenger
PTIO (10 M) to the HX/XO system alone had no
significant effect on L-012-enhanced CL, whereas the
CL signal obtained in the presence of HX/XO and
SPE/NO (1 nM) was suppressed by approximately
80%. Bicarbonate (10mM) did not modify the CL
signal evoked by superoxide, whereas in the
presence of peroxynitrite, the L-012-derived CL

TABLEI Comparison of different chemiluminescence (CL) dyes with respect to sensitivity and specificity for superoxide, SIN-1-derived

reactive species and hydrogen peroxide

CL (counts/min)

Condition Luminol Lucigenin L-012 Coelenterazine
Basal* 528 =11 626 + 11 47,265 *+ 3861 493 + 25
+XO 22,158 + 1610 22,043 =901 5441,856 *+ 463,942 1131 £ 9
+SIN-1 2369 + 350 838 + 29 642,851 + 43964 1576 + 132
+H,0, 2395 + 25 1828 = 77 131,027 + 3874 635+ 4
Basal® 352 +9 344 + 26 36,119 + 10,596 65,588 + 872
+XO 84,463 = 1328 91,923 + 5463 27843,333 *+ 1673,363 149,816 *+ 4229
+SIN-1 26,844 = 629 585 + 54 81216,667 *+ 4324,135 52,901 = 913
+H,0, 679 * 16 2897 + 209 63,495 = 15,515 75,034 * 3226

*L-012 (100 uM), luminol (100 uM), lucigenin (100 uM) or coelenterazine (1 M) were incubated for 5min in PBS containing DTPA (100 M) at room
temperature in the presence of either XO (2.5 mU/ml)/HX (1 mM), SIN-1 (100 uM) or hydrogen peroxide (1 mM). The data is expressed as counts/min at the
5min time point and is the mean * SEM of 3-4 independent experiments. FL-012 (100 wM), luminol (100 wM), lucigenin (100 uM) or coelenterazine (100 pM)
were incubated for 10 min in PBS buffer containing DTPA (100 M) and HX (1 mM) at room temperature in the presence of either XO (10 mU/ml), SIN-1
(1 mM) or hydrogen peroxide (1 mM). The data is expressed as counts/min at the 10 min time point and is the mean * SEM of three independent experiments.
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TABLE II  Effect of NO on potassium superoxide- or peroxynitrite-induced L-012-derived CL

DMSO KO, KO, + KO, + KO, + KO, +
2.5 uM NO 12.5 pM NO 25uM NO 250 M NO
CL x 10° (counts/min)* 0.19 £ 0.11 0.49 = 0.12 1.75 £0.25 3.05 £ 0.45 6.05 £ 0.95 1.80 = 0.14
Decomposed 0.01 pM 0.1 pM 1pM 10 pM 10 M ONOO™ +
ONOO™ ONOO™ ONOO™ ONOO™ ONOO™ 80 pM NO
CL x 10° (counts /min)* 0.10 = 0.03 0.36 = 0.02 1.69 = 0.23 9.08 + 0.25 10.49 = 0.23 1.11 £ 0.14

*L-012 (100 pM)-derived CL was measured upon rapid addition of KO, (50 pM in DMSO) to PBS with or without NO (2.5-250 pM). DMSO was added as a
blank to exclude non-specific effects of the solvent. The data is expressed as counts/3s at the 15s time point X 10° and is the mean = SEM of three
independent experiments. " L-012 (100 pM)-derived CL was measured upon rapid addition of ONOO™ to PBS with or without NO. Decomposed ONOO ™~
(10 M) was added as a blank to exclude non-specific effects of the solvent and contaminants. The data is expressed as counts/3 s at the 25 s time point X 10°

and is the mean + SEM of 3—6 independent experiments.

increased by about 20%. Cu, Zn-SOD (500 U/ml)
effectively suppressed both signals. Similar results
were obtained with the HX/XO system in the
presence of DEA /NO.

Similar experiments were performed using the
chemiluminescent substance lucigenin. The CL
signal evoked by the HX/XO reaction declined
dose dependently by adding NO, pointing to a high
specificity of lucigenin for the detection of super-
oxide and the lack of detection of peroxynitrite (not
shown). In contrast, under similar experimental
conditions, luminol- as well as coelenterazine-
derived CL signals reached a maximum in the
presence of superoxide formed by the HX/XO
reaction and SPE/NO (1pM) (not shown).
The increase in the CL intensity, however, was only
50-100% for luminol and coelenterazine, respec-
tively, whereas a striking 8-fold increase was
observed when using L-012 as a chemiluminescence
probe (see Table III).

Detection of Superoxide and Peroxynitrite
Formation in Isolated Rat Heart Mitochondria
by L-012-derived CL

Next it was tested whether the luminol analogue
L-012 can also be used to detect ROS in isolated rat
heart mitochondria. As shown in Table IV, super-
oxide was detected in response to stimulation of
mitochondrial respiration by succinate. When the
respiratory chain was blocked by inhibitors of
complex III such as antimycin A or myxothiazol, the
L-012-enhanced CL signal significantly increased in
the presence of succinate whereas without succi-
nate, no significant change was observed. Upon
addition of the complex IV inhibitor KCN, the CL
signal intensified. When SMP were used instead of
intact mitochondria, the signal in response to
myxothiazol increased approximately 10-fold. The
addition of the complex I inhibitors rotenone and
DPI (inhibitor of flavin-dependent oxidoreductases)
to mitochondria did not significantly alter the L-012-
derived CL. The CL signal was completely

suppressed by the addition of Cu, Zn-SOD and
PEG-SOD. Upon mitochondrial stimulation with an
ethanolic solution of antimycin A lucigenin
enhanced CL was not modified, but showed
a significant increase in CL upon stimulation with
KCN (not shown).

Similar experiments were performed with the
superoxide sensitive fluorescence probe DHE.
As shown in Table V, the addition of succinate to
isolated mitochondria increased markedly the DHE-
derived fluorescence and was further intensified by
adding antimycin A. In addition, we can also
demonstrate that DHE allows localization of mito-
chondria within intact cells or even tissue as
exemplified by DHE/mito-tracker co-staining and
microscopy in a suspension of isolated mitochondria
(Fig. 2). Here, incubation with myxothiazol led to an
increase in DHE-derived fluorescence within mito-
chondria as detected by co-staining with the
fluorescence of the mito-tracker.

We were also able to detect peroxynitrite formation
in mitochondrial suspensions by using L-012-
enhanced CL upon stimulation with antimycin A in
the presence of increasing amounts of NO derived
from DEA/NO (Table VI). A CL maximum was
reached at a DEA/NO concentration of 1.25uM
while higher DEA/NO concentrations resulted in a
decline of the signal. In the presence of DEA/NO
without antimycin A stimulation, the signal did not
exceed the background counts. Similar results were
obtained when SNP was used as a source of NO but
the maximum CL signal was reached at a SNP
concentration of 100 uM. The addition of PTIO
(ImM) or bicarbonate (1mM) to the antimycin
A-stimulated mitochondria caused no significant
change in CL, whereas PTIO almost completely
suppressed the signal in the antimycin A/DEA/NO
containing preparations and bicarbonate (1 mM)
caused a slight increase in L-012-derived CL
(Table VI). When superoxide formation in KCN-
stimulated mitochondria was detected by lucigenin-
enhanced CL, the addition of SNP (1-100 wM) caused
a marked decrease in the signal (data not shown).
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g X g x |2 Eé The use of SIN-1 as a peroxynitrite donor and the
20 %O |7dE use of the superoxide generating system HX/XO
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TABLE IV  Detection of superoxide in isolated rat heart mitochondria or SMP upon inhibition of electron transport by CL

CL (counts/min)

Condition* Control + Antimycin A + Myxothiazol + KCN
Mito 2090 * 21 31,011 + 1326 18,727 + 1365 7640 * 40
SMP 3401 *+ 230 28,999 + 3177 210,996 * 14,564 4455 + 414

*The L-012 (100 wM)-derived CL in mitochondria or SMP (both 0.1 mg/ml) was determined upon treatment with either antimycin A (20 ug/ml), myxothiazol
(20 uM) or KCN (10 mM) in PBS containing succinate (4 mM). The data is expressed as counts/min at the 5min time point and is the mean * SEM of three

independent experiments.

may be subject to many artifacts including changes
of ROS production due to oxygen depletion, a direct
interaction of L-012 with the molybdenium active
site of the XO or a loss of the activity of the oxidase
during the reaction. Moreover, incubation time as
well as the chosen concentration of HX may
markedly influence the L-012-enhanced CL signal
as illustrated in Table I. Artifacts may also arise from
reactions of the chosen buffer with peroxynitrite,
e.g. the reaction with HEPES to produce super-
oxide,[26] all of which may interfere with peroxyni-
trite detection by CL and fluorescence dyes.

In contrast to L-012, the CL substance lucigenin
showed significant increases in the CL signal solely,
when superoxide is formed by the HX/XO reaction
independently of the applied conditions. Coelenter-
azine showed comparable selectivity/sensitivity for
superoxide and SIN-1-derived reactive species but
not for H,O,. Importantly, the use of coelenterazine
at high but also at low concentrations resulted in the
worst background to stimulated signal ratio all of
which may limit its usefulness for the detection of
ROS in cell-free systems but also in intact vascular
tissue.

Detection of Authentic or Co-generated
Peroxynitrite by L-012-derived CL

The preferred detection of peroxynitrite by L-012
was proven by the use of authentic peroxynitrite,
which at 100nM yielded a significantly higher CL
signal than KO, (50 pM) (see Table II).

Experiments with fixed XO concentrations and
therefore, constant superoxide fluxes and varying
concentrations of NO-donors such as SPE/NO,

TABLE V Detection of superoxide in isolated rat heart
mitochondria by DHE-derived fluorescence

Fluorescence [RLUJ*

PBS Mito + Succinate + Succinate/ Antimycin A

485 263 17 393 =17 863 * 51

*The DHE (1 puM)-derived fluorescence in mitochondrial suspensions
(0.2mg/ml) was quantified in the presence or absence of succinate
(4mM)/antimycin A (20 pg/ml). The data is expressed as relative light
units (RLU) at the 11min time point and is the mean = SEM of six
independent experiments.

DEA /NO and SNP revealed that there is a maximum
in L-012-derived CL in accordance with maximal
peroxynitrite formation at equimolar fluxes of NO
and superoxide. Excess NO scavenged peroxynitrite
and accordingly the CL signal declined dose
dependently. At higher concentrations of NO the
signal was completely suppressed. Experiments
performed with NO donors such as DEA/NO and
SPE/NO led to similar results demonstrating that
SPE/NO required 10-fold higher concentrations to
cause maximal L-012-enhanced CL. This is compa-
tible with a roughly 10 fold faster decomposition rate
of DEA/NO, yielding 10-fold more NO in the same
time interval.

Luminol showed comparable results in the
HX/XO/SPE/NO system but the ratio of the
peroxynitrite-derived and the superoxide-derived
CL signal was lower than that obtained with L-012.
Lucigenin showed a decrease upon addition of the
NO-donor in agreement with its high selectivity for
superoxide and the known reaction mechanism
involving a dioxetan intermediate that leads to the
CL signal.””! Using the same conditions, coelenter-
azine only showed a slight increase in the CL
signal, peaking at the same concentration of
SPE/NO as in the luminol and L-012 experiments
(not shown). When the CL signal was maximally
stimulated by peroxynitrite, the NO-scavenger
PTIO sharply decreased the signal, whereas
bicarbonate slightly increased the signal. These
observations indicate a preferred detection of
peroxynitrite by L-012, since scavenging of NO by
PTIO decreases the yield of peroxynitrite and
thereby decreases the CL signal.

The increase in peroxynitrite induced L-012 CL by
bicarbonate may be explained by bicarbonate-
derived CO, which increases the formation of
peroxynitrite-derived CO;~ and °*NO, radicals
and/or other reactive species via the 1-carboxylato-
2-nitrosodioxidan (ONOOCO,) intermediate.?5%]
These results are also in accordance with previous
findings on peroxynitrite formation in the HX/XO
system in the presence of increasing concen-
trations of NO, using different methodologies
including dihydrorhodamine fluorescence,'®! thiol
oxidation in alcohol dehydrogenase®” and tyrosine
nitration."!
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FIGURE 2 Detection of superoxide in isolated rat heart mitochondria by DHE fluorescence microscopy. Fluorescence microscope images
were taken from mitochondria after incubation with DHE (10 uM) and mito-tracker (0.1 uM). Superoxide formation upon stimulation with
succinate (4mM) alone was detected by DHE-derived red fluorescence (I), mitochondria were envisaged by mito-tracker-derived green
fluorescence (III) and the yellow colour in the computer-generated overlay shows the co-localization of both (V). Similar pictures were
recorded from mitochondria upon stimulation with succinate (4 mM)/myxothiazol (20 M) (II, IV and VI). The pictures are representative

of at least three independent experiments.

Previous reports indicate that NO at high
concentrations and/or upon reaction with super-
oxide and subsequent formation of peroxynitrite
may inhibit XO activity directly.®**! To avoid
confounding changes in the activity of the XO itself
we used short incubation periods (5min) as well as
an enzyme-independent superoxide forming sys-
tem. For example when authentic KO, in DMSO
was rapidly mixed with an aqueous solution of
NO, the L-012-derived CL signal increased until
equimolar concentrations of NO and °*O, were
reached. Like demonstrated before, excess NO
markedly suppressed the CL signal. We also
observed that the extent of maximal increases in

CL was comparable to that observed in the
HX/XO/SPE/NO system.

Detection of Superoxide in Mitochondria by
L-012-derived CL

Different sites in mitochondria have been demon-
strated to contribute significantly to superoxide
formation. Superoxide may arise from mitochondrial
complexes I, II, IV and in particular complex III
seems to play an important role as a superoxide
source in animal models such as hypoxia-reoxygena-
tion (ischemia/reperfusion damage),*!], aging,!?
nitrate tolerance (unpublished observations) and
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TABLE VI Effects of increasing concentrations of DEA/NO on the antimycin A-induced L-012 CL signal in isolated rat heart

mitochondria
Mitos + AA + w/0oAA +0 0 0.01
DEA/NO (uM)
CL x 10° 0.004 = 0.000 0.099 = 0.003 0.79 = 0.03
(counts/min)*
Mitos + AA + 1 1.25 2.5
DEA/NO (pM)
CL x 10° 10.62 = 0.63 11.82 = 0.42 5.23 +0.23
(counts/min)*
Mitos + AA - PTIO HCO;
CL x 10* 9.96 + 0.29 12.20 = 1.75 10.67 = 0.85
(counts/min)*
Mitos + AA + - PTIO HCO;
1 pM DEA/NO

CL x 10° 10.62 = 0.63 0.43 = 0.05 13.70 = 0.45
(counts/min)*

0.05 0.1 0.5 0.75
1.23 £ 0.01 217 £ 0.33 6.28 = 0.14 9.28 = 0.08
5 10 100 w/o0AA 1
0.27 = 0.10 0.036 = 0.003 0.013 = 0.001 0.003 = 0.000

*1-012 (100 pM)-derived CL in mitochondrial suspensions (0.1 mg/ml) upon stimulation with antimycin A (20 pg/ml) in the presence of DEA/NO (0.01-
100 wM) in PBS at room temperature. Control measurements were performed in the presence of DEA /NO (1 wM) but in the absence of antimycin A. * Effects of
PTIO (1 mM) and bicarbonate (HCO; ', 1 mM) on the L-012 (100 pM)-derived CL in mitochondria were measured either upon stimulation with antimycin A
(20 pg/ml) together with DEA/NO (1 pM) or with antimycin A alone. The data is expressed as counts/min at the 5 min time point and is the mean * SEM of

3-6 independent experiments. AA, antimycin A.

hypercholesterolemia.[22] In the present studies,
mitochondrial superoxide production was stimu-
lated by addition of succinate, a substrate for
complex II and quantified using L-012 enhanced
CL. As expected, inhibitors of complex I such as DPI
and rotenone had no effect on the succinate-
triggered superoxide formation suggesting that in
this model the superoxide formation by complex I do
not play a significant role. In contrast, inhibition with
the blocker of complex IV, KCN, led to a marked
increase in superoxide levels, compatible with a
blockade of complex IV and leaking electron
transport at this site. As previously reported,
especially the Q (ubiquinone/ubiquinol)-cycle at
complex III may increase formation of superoxide
due to electron-transfer from semiubiquinone
radicals to molecular oxygen./”*! The observed strong
increase in L-012-derived CL upon inhibition of
complex Il by antimycin A is in accordance with the
proposed inhibition of electron transport from
cytochrome b to coenzyme Q, due to the accumu-
lation of semiubiquinone radicals at the P-centre and
extra-mitochondrial formation of superoxide.

In contrast, experiments with the inhibitor of
electron transport from coenzyme Q to the FeSIII
protein (cytochrome c pathway) at complex III,
myxothiazol, show that the increases in L-012
enhanced CL are significantly less than in experi-
ments with antimycin A. There are several reasons
to explain these findings. L-012 detects pre-
ferentially extra-cellular ROSP* and in addition
intra-mitochondrially formed superoxide may be
scavenged by Mn-SOD. This assumption is sup-
ported by the approximately 10-fold increase in
L-012-derived CL, which was observed upon
treatment of SMP with myxothiazol, while

antimycin A-induced CL signal remained unaltered.
This observation may be explained by a direct
access of L-012 to myxothiazol-derived superoxide
in SMP and/or by an elimination of Mn-SOD by
additional centrifugation steps. Accordingly, the
addition of Cu, Zn-SOD or PEG-SOD decreased the
L-012-derived CL signal obtained by stimulation of
mitochondria with succinate/antimycin A or with
succinate/myxothiazol-stimulated SMP.

Compared to the fluorescence dye, DHE, L-012-
derived CL provided a 7-fold higher ratio of
succinate/antimycin A- to succinate-stimulated
signal and also the ratio of succinate-stimulated to
unstimulated signal in mitochondria was 2-fold
higher with the CL dye. When coelenterazine
(2.5pM) was used to quantify superoxide for-
mation in mitochondria, a ratio of succinate/anti-
mycin A- to succinate-stimulated signal of
approximately three was found” whereas that
detected with L-012 was about 15. In SMP
preparations, coelenterazine showed a ratio of
stimulated to background signal of four whereas
that observed with L-012 was 10.

According to these data, we conclude that L-012
provides a better signal to noise ratio than
coelenterazine and DHE for the detection of super-
oxide in intact mitochondria and in SMP. Although
DHE fluorescence is less sensitive, it remains a
powerful tool for the detection of superoxide in
biological samples due to its high specificity for
superoxide and the informations provided on the
subcellular localization of the superoxide source.
As illustrated in Fig. 2, staining with DHE for
superoxide in addition to mitochondria tracker
clearly identified the mitochondria as a significant
superoxide source. The computer-generated overlay
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of both fluorescent stainings demonstrates the
co-localization of superoxide and mitochondria.

Detection of Peroxynitrite in Mitochondria by
L-012

The experiments performed with isolated mitochon-
dria are completely in agreement with the results
obtained in our in vitro systems. When succinate/
antimycin A-stimulated mitochondria were used as a
superoxide source in the presence of increasing
concentrations of NO-donors (DEA/NO and SNP),
a maximal increase in L-012-derived CL was
observed due to a preferred detection of peroxy-
nitrite formed by equimolar fluxes of NO and
superoxide as shown before. As illustrated in
Table VI, the NO scavenger PTIO decreased the CL
signal derived by antimycin A stimulation in the
presence of DEA/NO (1uM) to the extent of
the NO-free system whereas bicarbonate increased
the signal. This is compatible with an increased
formation of *NO, and °*COj radicals and other
reactive species from the ONOOCO, intermediate
from peroxynitrite in the presence of CO, as already
discussed. The CL signal of the NO-free system was
not modified neither by PTIO nor by bicarbonate.

An interesting observation was the quite dramatic
difference between the increase of the CL signal in
the presence of maximally stimulating NO in
antimycin A treated mitochondria and the HX/XO
system in vitro. The maximal increase of the L-012-
derived CL in the HX/XO system in the presence of
SPE/NO (1 uM) was approximately 10 fold whereas
in stimulated mitochondria in the presence of
DEA/NO (1.25pM) it was 120 fold. The maximal
CL in mitochondria also required 10 fold higher
concentrations of NO than the HX/XO system.

This observation may be explained by the fact that
NO easily diffuses across membranes and thereby can
reach the intra-mitochondrial space where it forms
peroxynitrite which is not detected by the extra-
cellular CL-dye L-012. Another reason may be that
there are many competitive targets for NO in
mitochondrial preparations (e.g. metal-proteins
such as cytochrome c oxidase). The stronger increase
of CL in the mitochondrial preparations may be
explained by the inhibitory effects of NO and
peroxynitrite on the mitochondrial electron transport.
It has been reported that NO and peroxynitrite may
inhibit complex I and II and in addition NO reacts
very rapidly with cytochrome c oxidase thereby
inhibiting mitochondrial complex IV.* These inhibi-
tory effects on the respiratory chain could cause
additional formation of superoxide and peroxynitrite,
respectively resulting in a vicious cycle. In addition,
peroxynitrite is known to inhibit mitochondrial
Mn-SODP®! which may also increase the steady-
state concentrations of superoxide.

In conclusion, the results of the present studies
indicate that the chemiluminescence dye L-012
provides a better sensitivity for the detection of
ROS and reactive nitrogen oxide intermediates in
mitochondria in comparison with coelenterazine and
DHE with a higher selectivity for peroxynitrite than
for superoxide. The use of the appropriate controls
such as the NO scavenger PTIO as well as the
enhancer of peroxynitrite reactivity bicarbonate may
allow to distinguish between superoxide and
peroxynitrite, respectively. When NO is derived
from an enzymatic source such as the nitric oxide
synthase, an appropriate control would include the
inhibition of the enzyme by NS-nitro-L-arginine.
Especially in homogenates or in suspensions of
mitochondria, the CL dye L-012 appears to provide a
better detection limit with respect to the detection of
superoxide and peroxynitrite than fluorescence
assays using DHE or dihydrorhodamine.

Acknowledgements

We thank Claudia Kuper for expert technical
assistance and Gerlinde Apitzsch for recording
microscope images. The present studies were
supported by a grant (Mu 1079 4-1) from the German
Research Foundation awarded to T. Munzel.

References

[1] Hanbauer, I, Cox, G.W. and Wink, D.A. (1994) “Synaptic and
extrasynaptic action of free radicals on cell-to-cell signaling”,
Ann. NY Acad. Sci. 738, 173-180.

[2] Ignarro, L.]. (1991) “Heme-dependent activation of guanylate
cyclase by nitric oxide: a novel signal transduction
mechanism”, Blood Vessels 28, 67-73.

[3] Suzuki, Y.J., Forman, H.J. and Sevanian, A. (1997) “Oxidants

as stimulators of signal transduction”, Free Radic. Biol. Med.

22, 269-285.

Sies, H., Dafre, A.L., Ji, Y. and Akerboom, T.P. (1998) “Protein

S-thiolation and redox regulation of membrane-bound

glutathione transferase”, Chem. Biol. Interact. 111-112,

177-185.

Ullrich, V., Namgaladze, D. and Frein, D. (2003) “Superoxide

as inhibitor of calcineurin and mediator of redox regulation”,

Toxicol. Lett. 139, 107-110.

Chamulitrat, W. and Mason, R.P. (1989) “Lipid peroxyl radical

intermediates in the peroxidation of polyunsaturated fatty

acids by lipoxygenase. Direct electron spin resonance

investigations”, J. Biol. Chem. 264, 20968—20973.

Vignais, P.V. (2002) “The superoxide-generating NADPH

oxidase: structural aspects and activation mechanism”, Cell.

Mol. Life Sci. 59, 1428-1459.

Sorescu, D., Weiss, D., Lassegue, B., Clempus, R.E., Szocs, K.,

Sorescu, G.P,, Valppu, L., Quinn, M.T., Lambeth, ].D., Vega,

J.D., Taylor, WR. and Griendling, K.K. (2002) “Superoxide

production and expression of nox family proteins in human

atherosclerosis”, Circulation 105, 1429-1435.

Landmesser, U., Spiekermann, S., Dikalov, S., Tatge, H.,

Wilke, R., Kohler, C., Harrison, D.G., Hornig, B. and Drexler,

H. (2002) “Vascular oxidative stress and endothelial

dysfunction in patients with chronic heart failure: role of

xanthine-oxidase and extracellular superoxide dismutase”,

Circulation 106, 3073-3078.

[10] Vasquez-Vivar, J., Kalyanaraman, B. and Martasek, P. (2003)

“The role of tetrahydrobiopterin in superoxide generation

[4

—_

[5

—_

6

—_

[7

—

[8

[t

[9

[

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/27/11

For personal use only.

DETECTION OF SUPEROXIDE AND PEROXYNITRITE 269

from eNOS: enzymology and physiological implications”,
Free Radic. Res. 37, 121-127.

[11] Munzel, T., Li, H.,, Mollnau, H., Hink, U., Matheis, E.,
Hartmann, M., Oelze, M., Skatchkov, M., Warnholtz, A.,
Duncker, L., Meinertz, T. and Forstermann, U. (2000) “Effects
of long-term nitroglycerin treatment on endothelial nitric
oxide synthase (NOS III) gene expression, NOS IlI-mediated
superoxide production, and vascular NO bioavailability”,
Circ. Res. 86, E7—-E12.

[12] Lenaz, G., Bovina, C., D’Aurelio, M., Fato, R., Formiggini, G.,
Genova, M.L., Giuliano, G., Pich, M.M., Paolucci, U., Castelli,
G.P. and Ventura, B. (2002) “Role of mitochondria in oxidative
stress and aging”, Ann. NY Acad. Sci. 959, 199-213.

[13] Cai, H. and Harrison, D.G. (2000) “Endothelial dysfunction in
cardiovascular diseases: the role of oxidant stress”, Circ. Res.
87, 840-844.

[14] Beckman, J.S. and Koppenol, W.H. (1996) “Nitric oxide,
superoxide, and peroxynitrite: the good, the bad, and ugly”,
Am. |. physiol. 271, C1424—-C1437.

[15] Kudoh, S., Suzuki, K., Yamada, M., Liu, Q., Nakaji, S. and
Sugawara, K. (1999) “Contribution of nitric oxide synthase to
human neutrophil chemiluminescence”, Luminescence 14,
335-339.

[16] Miles, A.M., Bohle, D.S., Glassbrenner, P.A., Hansert, B.,
Wink, D.A. and Grisham, M.B. (1996) “Modulation of
superoxide-dependent oxidation and hydroxylation reactions
by nitric oxide”, J. Biol. Chem. 271, 40—47.

[17] Beckman, J.S. (2002) “Protein tyrosine nitration and peroxy-
nitrite”, Faseb ]. 16, 1144.

[18] Sohn, H.Y., Gloe, T., Keller, M., Schoenafinger, K. and Pohl, U.
(1999) “Sensitive superoxide detection in vascular cells by the
new chemiluminescence dye L-012”, ]. Vasc. Res. 36, 456—464.

[19] Nishinaka, Y., Aramaki, Y., Yoshida, H., Masuya, H.,
Sugawara, T. and Ichimori, Y. (1993) “A new sensitive
chemiluminescence probe, L-012, for measuring the pro-
duction of superoxide anion by cells”, Biochem. Biophys. Res.
Commun. 193, 554—559.

[20] Imada, I, Sato, E.F., Miyamoto, M., Ichimori, Y.,
Minamiyama, Y., Konaka, R. and Inoue, M. (1999) “Analysis
of reactive oxygen species generated by neutrophils using a
chemiluminescence probe L-012", Anal. Biochem. 271, 53—58.

[21] Becker, L.B., vanden Hoek, T.L., Shao, Z.H., Li, C.Q. and
Schumacker, PT. (1999) “Generation of superoxide in
cardiomyocytes during ischemia before reperfusion”,
Am. ]. Physiol. 277, H2240-H2246.

[22] Ballinger, S.W., Patterson, C., Yan, C.N., Doan, R., Burow,
D.L. Young, C.G., Yakes, EM., Van Houten, B., Ballinger,
C.A., Freeman, B.A. and Runge, M.S. (2000) “Hydrogen
peroxide- and peroxynitrite-induced mitochondrial DNA
damage and dysfunction in vascular endothelial and smooth
muscle cells”, Circ. Res. 86, 960—966.

[23] Raha, S., McEachern, G.E., Myint, A.T. and Robinson, B.H.
(2000) “Superoxides from mitochondrial complex III: the role
of manganese superoxide dismutase”, Free Radic. Biol. Med.
29, 170-180.

[24] Zhao, H., Kalivendi, S., Zhang, H., Joseph, J., Nithipatikom,
K., Vasquez-Vivar, ]J. and Kalyanaraman, B. (2003)

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

“Superoxide reacts with hydroethidine but forms a fluor-
escent product that is distinctly different from ethidium:
potential implications in intracellular fluorescence detection
of superoxide”, Free Radic. Biol. Med. 34, 1359-1368.

Imada, I., Sato, E.F., Konaka, R., Kasahara, E., Park, A.M. and
Inoue, M. (2002) “Analysis of reactive oxygen generation by
mitochondrial fractions by a highly sensitive chemilumine-
scence probe L012”, Suppl. to Free Radic. Biol. Med. 33, S27.
Kirsch, M., Lomonosova, E.E., Korth, H.G., Sustmann, R. and
de Groot, H. (1998) “Hydrogen peroxide formation by
reaction of peroxynitrite with HEPES and related tertiary
amines. Implications for a general mechanism”, . Biol. Chem.
273, 12716-12724.

Li, Y., Zhu, H., Kuppusamy, P., Roubaud, V., Zweier, J.L. and
Trush, M.A. (1998) “Validation of lucigenin (bis-N-methyl-
acridinium) as a chemilumigenic probe for detecting
superoxide anion radical production by enzymatic and
cellular systems”, J. Biol. Chem. 273, 2015-2023.

Goldstein, S., Czapski, G., Lind, J. and Merenyi, G. (2001)
“Carbonate radical ion is the only observable intermediate in
the reaction of peroxynitrite with CO(2)”, Chem. Res. Toxicol.
14, 1273-1276.

Meli, R., Nauser, T., Latal, P. and Koppenol, W.H. (2002)
“Reaction of peroxynitrite with carbon dioxide: intermediates
and determination of the yield of CO3*- and NO2*”, J. Biol.
Inorg. Chem. 7, 31-36.

Daiber, A., Frein, D., Namgaladze, D. and Ullrich, V. (2002)
“Oxidation and nitrosation in the nitrogen monoxide/super-
oxide system”, J. Biol. Chem. 277, 11882-11888.

Sawa, T., Akaike, T. and Maeda, H. (2000) “Tyrosine nitration
by peroxynitrite formed from nitric oxide and superoxide
generated by xanthine oxidase”, J. Biol. Chem. 275,
32467-32474.

Ichimori, K., Fukahori, M., Nakazawa, H., Okamoto, K.
and Nishino, T. (1999) “Inhibition of xanthine oxidase
and xanthine dehydrogenase by nitric oxide. Nitric
oxide converts reduced xanthine-oxidizing enzymes
into the desulfo-type inactive form”, ]. Biol. Chem. 274,
7763-7768.

Houston, M., Chumley, P, Radi, R., Rubbo, H. and Freeman,
B.A. (1998) “Xanthine oxidase reaction with nitric oxide and
peroxynitrite”, Arch. Biochem. Biophys. 355, 1-8.

Mollnau, H., Schulz, E., Daiber, A., Baldus, S., Oelze, M.,
August, M., Wendt, M., Walter, U., Geiger, C., Agrawal, R,,
Kleschyov, A.L., Meinertz, T. and Munzel, T. (2003)
“Nebivolol prevents vascular NOS III uncoupling in experi-
mental hyperlipidemia and inhibits NADPH oxidase activity
in inflammatory cells”, Arterioscler. Thromb. Vasc. Biol. 23,
615-621.

Radi, R., Cassina, A. and Hodara, R. (2002) “Nitric oxide and
peroxynitrite interactions with mitochondria”, Biol. Chem.
383, 401-409.

MacMillan-Crow, L.A., Crow, J.P., Kerby, ].D., Beckman, J.S.
and Thompson, J.A. (1996) “Nitration and inactivation of
manganese superoxide dismutase in chronic rejection of
human renal allografts”, Proc. Natl Acad. Sci. USA 93,
11853-11858.

RIGHTS LI MN Kiy



