Free Radical Biology & Medicine, Vol. 28, No. 1, pp. 121-128, 2000
Copyright © 2000 Elsevier Science Inc.
Printed in the USA. All rights reserved
0891-5849/00/$—see front matter

Bl
ELSEVIE PIl S0891-5849(99)00228-2

Jﬁ' Original Contribution

A NEW APPROACH FOR EXTRACELLULAR SPIN TRAPPING OF
NITROGLYCERIN-INDUCED SUPEROXIDE RADICALS BOTH IN VITRO
AND IN VIVO

Bruno Fink,* SERGEY DikaLov,' and EBERHARD BASSENGE

*Institute of Applied Physiology, University of Freiburg, Freiburg 79104 Germany "amstitute of Chemical Kinetics and
Combustion, Novosibirsk, 630090 Russia

(Received6 July 1999; Revised30 Septembefl999; Acceptedl9 October1999)

Abstract—Anti-ischemic therapy with nitrates is complicated by the induction of tolerance that potentially results from
an unwanted coproduction of superoxide radicals. Therefore, we analyzed the localization of in vitro and in vivo,
glyceryl trinitrate (GTN)—induced formation of superoxide radicals and the effect of the antioxidant vitamin C and of
superoxide dismutase (SOD). Sterically hindered hydroxylamines 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine
(CP-H) and 1-hydroxy-4-phosphonooxy-2,2,6,6-tetramethylpiperidin (PP-H) can be used for in vitro and in vivo
quantification of superoxide radical formation. The penetration/incorporation of CP-H or PP-H and of their correspond-
ing nitroxyl radicals was examined by fractionation of the blood and blood cells during a 1-h incubation. For monitoring
in vivo, GTN-induced (13Qwg/kg) O,"~ formation CP-H or PP-H were continuously infused (actual concentration, 800
uM) for 90 to 120 min into rabbits. Formation of superoxide was determined by SOD- or vitamin C—inhibited contents
of nitroxide radicals in the blood frorA. carotis The incubation of whole blood with CP-H, PP-H, or corresponding
nitroxyl radicals clearly shows that during a 1-h incubation, as much as 8.3% of CP-H but only 0.9% of PP-H is
incorporated in cytoplasm. Acute GTN treatment of whole blood and in vivo bolus infusion significantly increased
superoxide radical formation as much as 4-fold. Pretreatment with 20 mg/kg vitamin C or 15,000 U/kg superoxide
dismutase prevented GTN-induced nitroxide formation. The decrease of trapped radicals after treatment with extracel-
lularly added superoxide dismutase or vitamin C leads to the conclusion that GTN increases the amount of extracellular
superoxide radicals both in vitro and in vivo. © 2000 Elsevier Science Inc.

Keywords—Reactive oxygen species, Electron spin resonance, Superoxide dismutase, Vitamin C, Hydroxylamine
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INTRODUCTION act mechanisms of nitrate tolerance have not completely
understood [5-10]. It was assumed that release of nitric
oxide (NO) during the metabolism of nitrates is affected
by a considerable coproduction of superoxide radicals in
vessels, thus leading to inactivation of NO. In turn, this
may lead to a decrease of intra- and/or extracellular
low-molecular-weight thiols [11-13], to diminished cy-
clic guanosine monophosphate (cGMP) production in

ment of nitrate tolerance is a multifactorial phenomenon smooth muscle cells and in platelets [10,14,15] and to
P impaired vasomotor responses to the endothelium-de-

D s o e mone) et e el fctr (],
9 P Nitrate-induced superoxide radicals react with NO to

resgggsig [msafﬂ hvbotheses and investigations. the e _form peroxynitrite [17,18]. Peroxynitrite affects the ac-
P! y hyp investigations, X tivity of important enzymes through irreversible oxida-
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12233, RTP, NC 27709, USA. This NO-mediated increase in the activity of soluble

Recent results have shown that development of tolerance
to nitrates is induced primarily by the enhanced, nitrate-
induced formation of reactive oxygen species and sec-
ondarily by the enhanced reduced form of nicotinamide-
adenine dinucleotide (NADH) oxidase activity and
continuous @~ production and release from the blood
and the vascular cells [1-3]. At the same time, develop-
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guanylyl cyclase depends decisively on the redox state of H

the SH groups [19,20]. Peroxynitrite causes vascular O-P=0

dysfunction in isolated hearts [21,22]. The vasodilator : COOH
efficacy of organic nitrates in vitro is improved when OH

additional superoxide dismutase (SOD) activity is sup-

plied [23]. Therefore, development of nitrate tolerance N N

can result from both superoxide- and peroxynitrite-me- | |

diated oxidative damage. In turn, the efficacy of organic OH OH

nitrates as exogenous NO donors and promoters of

cGMP-dependent vasodilatation depends on the balance pp.g + 0,* - PP + H;0, CP-H + 0,* - CP* + H;0:
between the concentrations of NO formed and the rate of

nitrate-induced formation of superoxide radicals in the Fig. 1. Chemical structures of PP-H and CP-H.
vasculature.

Recently, using electron-spin resonance (ESR) spec-
troscopy and cyclic hydroxylamines as spin traps, we
have shown that glyceryl trinitrate (GTN) induces reac-
tive oxygen species (e.g.;,;0 and ONOQO') formation
both in vitro and in vivo [1,24,25]. The mechanisms of
this increase in superoxide radical formation, however,
remain unclear. The aim of this work was to analyze both
in vivo and in vitro GTN-induced superoxide radical
formation and to study the modulating effect of the
antioxidant vitamin C and of superoxide dismutase using Rabbit experiments
ESR spectroscopy.

tant was decanted and discarded. The cells were then
ultrasonically destroyed (X 5 s at 100 W; Labsonick,

B. Braun, Melsungen, Germany). Next, the membranes
and cytosolic fractions were separated [26]. Finally, us-

ing ESR spectrometry, the fractions (plasma, cell mem-

branes, cytosol) were analyzed after oxidation of CP-H

and PP-H with 10 mM K@

Twelve adult rabbits of either sex (body weight, 1.2—
1.5 kg) were anesthetized using sodium pentobarbital (25
MATERIALS AND METHODS mg/kg). A silicone catheter was then implanted into the
carotid artery, ad 2 h infusions using five different
protocols were performed randomly in a consecutive
Using an Q' -generating system (50M xanthine+ manner: (i) 13Qug/kg GTN; (ii) 15,000 units of SOD per
0.01 U/ml xanthine oxidase), we examined the capacity 1 kg and, 20 min later, 13p.g/kg GTN, (iii) 30 ng/kg
of hydroxylamines 1-hydroxy-3-carboxy-2,2,5,5-tetra- vitamin C and, 20 min later, 13pg/kg GTN, (iv) 300
methylpyrrolidine (CP-H) and 1-hydroxy-4-phospho- pg/kg adenosine; and (v) saline at identical infusion
nooxy-2,2,6,6-tetramethylpiperidin (PP-H) to trap’©O volumes. In thes 2 h infusion during experiments with
along with the formation of 3-carboxy-proxyl (CP) or CP-H, 9 mg/kg CP-H was initially used for bolus infu-
4-phosphonooxy-TEMPO-radicals (PP). Analysis of the sions, and then the concentrations of spin-trap CP-H in
radical formation was performed using phosphate buffer blood were maintained constant using continuous infu-
(50 mM; pH 7.4) both with and without 100 U/ml su- sion of CP-H (0.225ug/kg/min). In experiments with
peroxide dismutase. The transition metal—catalyzed ox- PP-H, 12 mg/kg PP-H was initially used for bolus infu-
idation of CP-H and PP-H was suppressed by the addi- sions, and then the concentrations of spin trap PP-H in
tion of 20 uM deferoxamine as a chelating agent. blood were maintained constant using continuous infu-
sions of PP-H (0.3@g/kg/min). These spin trap amounts
) ) ) _ ) guaranteed complete trapping under basal conditions.
Analysis of incorporation or intracellular penetration Five minutes after each specific spin-trap infusion, 200
of CP-H and PP-H ul of blood were obtained fronA. carotisto determine

The location of the spin traps was examined after the CP or PP formation. The amount of superoxide
incubation of CP-H or PP-H (80@M) in whole blood of radlcal_s trapped in rabbits was quantified as CP or PP
rabbits with subsequent fractionation. After a 1-h incu- formation.
bation at 37° C with periodic swiveling (5 times/min),
blood was centrifuged for 5 min at 5af The plasma
was carefully decanted at a safe distance from the cell
sediment. After washing twice, the cell sediment was  The cyclic hydroxylamines CP-H and PP-H were used
resuspended in 5 ml of phosphate buffer (50 mM) and for quantification of superoxide radical formation (Fig.
centrifuged for 5 min at 50@, after which the superna- 1). During the reaction of PP-H or CP-H with the super-

Spin trapping of superoxide radicals

ESR measurements
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oxide radical, stable and reductant-resistant nitroxide Preparation of CP-H and PP-H solutions
radicals [27] were formed (Fig. 1). The amounts of the
trapped superoxide radicals were assayed by quantifying

the concentrations of the nitroxide radicals CP and PP, di hosoh buff H 7.4) in th ¢
respectively. Quantification of superoxide radicals in sodium phosphate butfer (p " ) in the presence o
suspension of blood cells was performed using 0.5 mM 0.9% NaCl and 1 mM deferoxamine. The concentration

CP-H or PP-H monitoring of the low-field component of of CP-H ar_ld PP-H in the S.tOCk solutlons_ was 20 mM.

ESR spectra. Blood samples for ESR measurements WereStOCk solutlons_ were k_e_pt either frozen orina cool place

analyzed in 100ul glass capillaries (NeoLab, Heidel- under anaerobic conditions before experiments.

berg, Germany). To inhibit metal-catalyzed oxidation of

spin traps, CP-H or PP-H was infused into animals in the chemicals and drugs

presence of deferoxamine (stock solution, 20 mM CP-H

and 1 M deferoxamine) [28]. The ESR measurements 1he GTN used was from Pohl Boskamp (Hohenlock-

were performed at room temperature using an EMX-A stedt, Germany). The spin traps CP-H and PP-H (purity

ESR spectrometer (Bruker, Karlsruhe, Germany). The grade analyzed using infrared spectroscopy) were from

ESR settings were as follows: field center, 3474 G; Alexis Corporation (Lafelfingen, Switzerland). The CP,

field sweep, 60 G; microwave frequency, 9.72 GHz; PP, and deferoxamine mesylate were obtained from

microwave power, 20 mW; magnetic field modulation, Sigma.

100 kHz; modulation amplitude, 2.0 G; conversion

time, 163 ms; detector time constant, 655 ms; and Statistics

sweep time, 83 s. The ESR spectra were recorded 1 in

after blood sampling. Values are expressed as meanSEM. Statistical
significance was determined using Studerittest for

o ) ) o paired data. Two groups of data were considered to be
Determination of superoxide radical formation in vivo  gjgnificantly different ap < .05.

The cyclic hydroxylamines CP-H and PP-H were
dissolved in oxygen-free (nitrogen bubbled), 0.05 M

Using ESR and CP-H and PP-H as spin traps [27], the
amounts of superoxide radicals formed in vivo can be RESULTS
determined by monitoring accumulation of the corre- ) ] ) )
sponding stable nitroxide radicals in the blood. The ni- Reéactions with superoxide radicals
troxide radicals CP and PP are formed in the reaction of  Rasctions of PP-H or CP-H with superoxide radicals
CP-H and PP-H with superoxide radicals. The amount of \yere studied in a xanthine oxidase superoxide-generat-
trapped superoxide radicals can be assayed using thgng system. Stock solutions of PP-H or CP-H contained
SOD- or vitamin C~inhibited formation of the nitroxide  ;5ce quantities of PP or CP (Fig. 2, spectra A and 2). A
radicals CP and PP, respectively. Experimental concen-gjgnificant amount of the nitroxide PP or CP was formed
trations of CP and PP were determined from the calibra- during the reaction with superoxide radicals (Fig. 2
tion curve using CP or PP obtained from Sigma (Deisen- spectra B and F). The ESR amplitude of PP or CP
hofen, Germany). The nitroxide radicals CP and PP were jhcreased constantly as a result of the continuous forma-
very stable compounds both in vivo and ex vivo (in {jon of superoxide radicals and their reaction with PP-H
blood). The lifetime of the nitroxides was more than 4 h, . cp.H. The addition of SOD (100 U/ml) or vitamin C
whereas ESR measurements were performed during thg2q ;,g/ml) completely inhibited formation of PP or CP
first 5 min. Nitroxide formation ex vivo during the first (Fig. 2, spectra C, D, G, and H, respectively). The rate
10 min was negligible. constants for the reaction of,0 with PP-H or CP-H are
8.4x 10° M *s ' and 3.2x 10° M~ s %, respectively
[27]. The amounts of superoxide radical trapped were
almost the same both for 0.5 mM CP-H and 0.5 mM

Indwelling cannulas were inserted into the common PP-H.
carotid arteries and the tibial veins of anesthetized rab-
bits in a prone position. Phasic and mean tra_cings from Penetration or incorporation of PP-H or CP-H
the recorded parameters were processed using PO-NE-
MAH Digital Acquisition Analyses and Archive Systems A 1 h incubation of whole blood with PP-H was
(Aquire Plus 1.0; Hugo Sachs Electronic, March-Hug- performed with a minimal penetration of 09 0.6%
stetten, Germany). All measurements were started after ain the cytosol of blood cells (Fig. 3). The CP-H
resting period of 10 min. penetrated as much as 813 0.4% in cytosol within

Measurements of hemodynamic responses
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Fig. 3. Analysis of the incorporation or penetration of spin-trap CP-H
or PP-H. The quantification of incorporation or penetration was exam-
CPH ined after a 1-h incubation of spin traps (80@n) at 37°C in whole
E blood of rabbits. Subsequently, the whole blood and blood cells were
N\ — N\ — fractionated to blood plasma and to cell membrane and cytosol, respec-
tively. Data are meart SEM, n = 4. *p < .05 vs. PP-H.
F CP-H+X/XO0
icant increase of nitroxide intermediates during the
first 60 min.
CP-H+X/XO0
G +SOD
— N\ N\~ N\ Efficiency of the reaction of PP-H with superoxide
radical
CP-H+X/XO0 . . .
H WVit.C Even in whole blood, CP-H is an effective scaven-
- /\/ /\r ger of superoxide radicals [2]. The efficacy of the
reaction of PP-H with superoxide radical generated
1 1 1 1 1 1 H H H H
T o o 2150 S50 500 extracellularly using xgnthme oxidase in the whole
magnetic field (G) blood was compared with that of CP-H. The amount of

Fig. 2. Detection of superoxide radicals using PP-H or CP-H monitor-
ing PP or CP nitroxide formation. Formation of PP or CP nitroxide in
xanthine plus xanthine oxidase (X/XO) superoxide-generating system
in the following samples: (spectrum A) 0.5 mM PP-H; (spectrum B) 0.5
mM PP-H+ X/XO; (spectrum C) 0.5 mM PP-H 100 U/ml SOD+
XIXO; (spectrum D) 0.5 mM PP-H- 20 pg/ml vitamin C (Vit.C) +
XIXO; (spectrum E) 0.5 mM CP-H; (spectrum F) 0.5 mM CP4H
XIXO; (spectrum G) 0.5 mM CP-H- 100 U/ml SOD+ X/XO; (H) 0.5

mM CP-H + 20 ug/ml vitamin C + X/XO. ESR settings were as
described in the text. The superoxide radical-generating system con-
tained xanthine oxidase (0.01 U/ml), xanthine (@), deferoxamine

(20 uM) in 50 mM sodium phosphate buffer (pH 7.4) in the presence
of 0.9% NaCl. The hyperfine ESR splitting constant of PP nitroxide
wasay = 17.1 G with a line width of 1.7 G and for CR\=19.2 G

with a line width 2.0 G.

1 h. The incorporation of PP-H or CP-H in the mem-
branes of blood cells, however, was barely detectable.
The greater part of the 800M of the spin trap PP-H
(as much as 98.% 0.5%) or CP-H (as much as 91+
0.6%) remained in the plasma (Fig. 3). The experi-
ments with PP and CP radicals showed almost identi-
cal penetration and incorporation in the blood cells.
Incubation of blood plasma or of cytosol in erythro-
cytes with CP-H or PP-H did not produce any signif-

superoxides trapped by PP-H in the pure xanthine
oxidase system was approximately the same as that
with CP-H (Fig. 4). The presence of whole blood

resulted in the 3-fold decrease in the efficacy of su
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Fig. 4. Quantification of superoxide radical formation in xanthine
oxidase plus xanthine (XO/X) superoxide-generating systems in the
presence and absence of the whole blood as measured by the formation
rate of CP or PP using CP-H and PP-H, respectively. Standard devia-
tions for columns are shown,= 6. *p < .05 vs. XO/X+CP-H; **p <

.01 vs. XO/X+PP-H.
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radicals trapped by PP-H in whole blood was similar § sof
to the amount with CP-H (Fig. 4). Therefore, PP-His ™[
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an effeCtlve Scavenger Of SuperOXIde radlcalsn even In ° Time after CP-H infusion, minutes Time after PP-H infusion, minutes
the presence of an extracellular antioxidant system of _ _ _ _
the blood Fig. 6. In vivo formation of CP or of PP in control rabbits (A, E), after

injection of 130ug/kg GTN (B, F), after injection of 15,000 U/ml SOD
and 130wg/kg GTN (C, G), and after injection of 20 mg/kg vitamin C
and 130ug/kg GTN (D, H). Superoxide radical formation was deter-

In vitro superoxide formation inducted by GTN mined by the oxidation of CP-H or PP-H yielding CP or PP, respec-
tively. The administration of GTN leads to a 2100.4 uM increase in

GTN-induced superoxide formation. Data from typical experiments are

Basal oxidation of CP-H in blood was greater than ;csented at an identical scale.

that of PP-H (Fig. 5). Acute treatment of blood with
GTN resulted in a 2-fold increase in nitroxide formation
as detected using CP-H and a 5-fold increase as detecteqeached the maximum (Figs. 6B and 6F).

using PP-H (Fig. 5). Both PP-H and CP-H showed prac- g5p (15,000 U/kg) 20-min before infusion of 13@/kg

tically the same rates of nitroglycerin-induced SUPerox- 1\ prevented formation of nitroxide radicals (Figs. 6C
ide radical formation (Fig. 5, difference between control and 6G)

and nitroglycerin columns).

Injection of

The effect of vitamin C on GTN-induced superoxide
radical formation was also tested. Initially, 20 mg/kg
vitamin C was injected, and 20-min later, 13@/kg
GTN was infused (Figs. 6D and 6H). Infusion of GTN

For in vivo detection of superoxide radicals, contin- after pretreatment with vitamin C did not cause any
uous infusions of CP-H or PP-H were used to provide change in the amplitude of the ESR signals of CP or PP
constant spin trap concentrations in the blood. Using anin the blood samples (Figs. 6D and 6H). The GTN-
initial bolus and continuous infusions of CP-H or PP-H, induced formation of reactive oxygen species in vivo
appropriate conditions for in vivo experiments were was estimated as an increase in nitroxide contents (Figs.
found that caused very small changes in the ESR ampli- 6B and 6F, arrows). In vivo, GTN-induced superoxide
tudes of the controls (Figs. 6A and 6E). Twenty minutes formation followed by injection of GTN (13Qug/kg)
after spin trap infusions, the amplitude of the ESR spec- was 2.0+ 0.4 uM. Infusion of vitamin C or SOD before
tra of CP or PP was stabilized, and only a slight time- injection of GTN led to complete scavenging of super-
dependent increase was observed. After injection of 130 oxide radicals. The injection of the NO-independent va-
ng/kg GTN, the amplitude of the ESR spectra of the sodilator adenosine led to an insignificant increase in
blood samples rapidly increased and, in 10 to 20 min, nitroxide formation.

In vivo detection of GTN-induced superoxide formation
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Changes in hemodynamic parameters

During the in vivo experiments, changes were ob-

B. ANk et al.

induced Q'™ radical release or whether other mecha
nisms, such as reduced bioconversion of GTN, imbal-
ance in the neurohumoral system, or reduced activity of

served in systolic and diastolic blood pressure and in guanylyl cyclase, are mainly responsible [15,16,34—38].
heart rate as an expression of the effect of GTN and asa To a great extent, GTN-induced superoxide radical

control of the hemodynamic changes after infusions of formation results from the simultaneously induced, en-

spin traps, vitamin C, and SOD. A GTN bolus infusion
produced a drastic drop in systolic (drop,22L mm Hg)
and diastolic (drop, @ 1 mm Hg) blood pressures. At
the same time, the heart rate increased tat1Z bpm.
Pretreatment of rabbits with vitamin C or SOD followed
by bolus infusion of GTN produced a significant drop in
systolic (14= 1 mm Hg) and diastolic (13 1 mm Hg)
blood pressure. A bolus or continuous infusion of spin
traps, vitamin C, or SOD produced no hemodynamic
changes.

DISCUSSION

Our results have shown that the inability of the spin

hanced activity of NADH phosphatase oxidoreductases
[2,39]. Hydralazine suppresses a GTN-induced, elevated
formation of Q" in the endothelial and smooth muscle
cells, probably by decreasing the activity of NADH
oxidases that are immobilized in plasma membranes
[35,40]. By increasing the activity of NADH oxidases,
formation of Q" in platelets can be augmented [2].
Our results, which were obtained with GTN-treated
platelets that were preincubated with hydralazine,
point out that only some of the enzymes involved in a
GTN-induced, elevated formation of superoxide in
platelets are inhibited by the action (or actions) of
hydralazine. The results of Parker et al. [41] confirm
that in therapeutic dosages, hydralazine only partially

trap PP-H to penetrate the blood cells permits analysis of suppresses tolerance to nitrates.

the extracellular formation of reactive oxygen species.

An incomplete suppression of nitrate tolerance by the

The advantages of using PP-H (low rate of background hyperpolarizing agent hydralazine (activity of oxidases

oxidation compared with that using CP-H) were evident
in our analysis of GTN-induced formation of reactive
oxygen species both in blood (Fig. 5) and in vivo (Fig.
6). We assume that GTN-induced formation of reactive
oxygen species may result from,O generation, be
cause it could be completely inhibited by SOD (extra-
cellular applied and acting) and by the antioxidant vita-
min C.
The release of @ radicals may be caused by NO-

depends on the membrane potential [40]) makes it likely
that additional oxidases participate in generation gf O
radicals. Xanthine oxidase generates Oradicals both
intra- and extracellularly [42—45], and it participates in
the metabolism of organic nitrates, especially under isch-
emic conditions [46—49]. It should be emphasized, how-
ever, that intracellularly generated reactive oxygen spe-
cies (@', ONOO, H,0O,) can penetrate the cell
membranes [50,51] to affect the extracellular milieu.

induced vasodilation, and this effect was tested using Thus, our new spin trap PP-H (Fig. 4), which cannot

NO/cGMP-independent vasodilation. For this purpose,

penetrate the intracellular compartment, does not exclu-

adenosine was used as a vasodilator. Adenosine activatesively trap extracellularly generated, oxygen-derived
adenylate cyclase of the endothelial and smooth muscleradicals. Our results with extracellular SOD (Fig. 6) lead

cells, thus producing increased synthesis of CAMP. In
addition, it activates the ATP-sensitive'kchannels [29,
30]. It was found that NO-independent vasodilation by
adenosine did not affect radical formation in vivo (data
not shown).

to the conclusion that GTN primarily induces an extra-
cellular generation of @ radicals.

Treatment with vitamin C prevents development of
nitrate tolerance [10,14,52-54]; however, the mecha-
nisms of this phenomenon remain unclear. Pretreatment

Until recently, an adequate analysis of the release of with vitamin C led to a substantial decrease in detectable

reactive oxygen species either in vivo or in vitro was
difficult to perform, because lucigenin was known to
enhance @~ radical formation [31]. The present anal

ysis was possible only through the synthesis of new,

superoxide radicals. Moreover, the amount of GTN-in-
duced superoxide radicals detected after pretreatment
with vitamin C was very close to the ESR detection
limits. Therefore, vitamin C effectively scavenges almost

stable spin traps such as CP-H and PP-H, which were notall GTN-induced superoxide radicals, which can also

so sensitive to reduction by thiols and vitamin C in
plasma [2,24,32]. Results of various studies of our own
and other working groups have shown a greatly en-
hanced release of the,U radical after both GTN me
tabolism (in vitro or in vivo) [1,2,25,33] and the devel-
opment of nitrate tolerance. It remains to be clarified,
however, whether tolerance to nitrates results from GTN-

prevent formation of peroxynitrite. The tolerance-sup-

pressing effect of vitamin C, which has been reproduced
in numerous studies involving dogs, volunteers, and pa-
tients with congestive heart failure [10], supports the
conclusion that vitamin C can inhibit development of

nitrate tolerance through scavenging of superoxide
radicals [14,52,55].
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