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Abbreviations:

AE: Acetonitrile

DEPMPO: 5-(dimethoxyphosphorly)-5’-methyl-1-pyrroline N-oxide

DMF: Dimethyl formamide

DMPO: 5,5-dimethyl-pyrroline N-oxide

DMSO: Dimethyl Sulfoxide

EMPO: 5-ethoxycarbonyl-Smethyl-pyrroline N-oxide

MTS: (5-(3-carboxymethyoxphenyl)-2-(4,5,-dimethyl-thiazolyl)-3-(4-sulphophenyl)tetrazolium, inner salt)
0,""Superoxide

SOD: Superoxide Dismutase

XTT: (2,3-bis(2-methoxy-4nitro-5-sulphophenyl)-5-[ (phenylamino)carbonyl]-2H-tetrazolium hydroxide, sodium
salt)
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Abstract

Superoxide (0,%) is the one electron reduction of ground state O, Superoxide is
important in many biological systems, including lipid peroxidation, cytotoxicity certain drug
toxicities and tissue inflammation [1]. The reduction of dioxygen leads to hydrogen peroxide or
water unfortunately the reaction is very fast and the intermediate superoxide is hard to detect.
The characterization of superoxide in aprotic solvents such as dimethyl sulfoxide however can

stabilize superoxide for several hours. Detection is then performed using several methods.
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Introduction

Superoxide is a radical that carries a negative charge due to the gain of an electron by

ground state oxygen in the following reaction (reaction one):
02+e- —> 02._ (1)

Vitamin C was found to inactive viruses in vitro, oxygen was, somehow, involved in the
inactivation [2]. It was suggested that the inactivation occurred as a result of the formation of
superoxide radical, or the hydroxyl radical [2]. The existence of superoxide was the subject of
much debate, it was predicted by the theory of quantum mechanics [2]. Superoxide has shown to
be involved in many biological mechanisms, such as phagocytosis, lipid peroxidation, and tissue
inflammation.

Physical and Chemical Characteristics

The reduction of ground state oxygen to superoxide requires a powerful reducing system
with an effective reduction potential of +0.33V [3]. Superoxide can act in both an oxidizing and
reducing reaction by accepting or donating electrons respectively, depending on its environment.
Superoxide is found to be the precursor for many other species such as peroxynitrite and singlet
oxygen, and other radicals like hydroxyl radical (reaction 2).

The reaction that produced hydroxyl radical:

02._ +F€3+ I 302 + FC2+

Fe* + H,0, —»Fe’* +HO'+HO (2)
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Reaction 3 describes the superoxide reaction that produces the peroxynitrite molecule:
0,” + NO* —» OONO 3)
Superoxide is however a far less reactive radical compared to other radicals such as the hydroxyl
radical [2].
In aqueous solution the disappearance of superoxide is very rapid, and this is due to the
dismutation reaction, which is mediated by a group of enzymes know as superoxide dismutases

(SOD). The dismutation reaction occurs because of the protonation of superoxide and to form

HOz', which will continue to form H,O, and O, equation 4.
0," +HO," + H —— 0O, + H,0, (¥

The second order rate constant for this reaction is 9.7 x 10’ M s™ and has pK, 4.8 at pH 7.4 [4].
Superoxide is absorbed at the ultraviolet range of 245nm. Superoxide displays different
charactertics in aprotic solvents such as dimethyl sulfoxide and dimethylformamide compared to
protic solutions. The redox potential for the O,/ O," by water was found to be —0.16 V compared
to -0.60 V when in dimethylformamide [5]. The redox potential of reaction 1 was found to be -
.33V in aqueous conditions but the redox potential was —0.60V when in an aprotic solvent [6].
The UV absorption spectrum for DMSO and DMF are 250 nm and 257 nm compared to 245 nm
in aqueous conditions, as seen in Table 1.

Detection of Superoxide

Several methods are utilized to detect and quantify superoxide. Some of the current
assays rely on measurement of cytochrome ¢ reduction, chemiluminescence from lucigemin and
related dyes [7]. Superoxide is able to reduce tetrazolium dyes MTS and XTT to formazans.
The rate constants for the MTS and XTT reactions with superoxide were estimated at 1.3x10° M"

"s! and 8.6x10* M s respectively [8]. Electron spin resonance (ESR) spin trapping is a
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technique that is also used. For the Figures in this paper, ESR was performed with 5,5-dimethyl-
pyrroline N-oxide (DMPO). ESR is able to detect superoxide but only in extremely low
temperatures or by a rapid freezing technique [3]. The rate constant for the superoxide in DMPO
is approximately 10 M s, DMPO traps the superoxide anion in the system (reaction 5),

however the DMPO-OOH adduct is subject to spontaneous decay [3].

DMPO DMPO-OOH

NS CHz—%C BN / C\ A
/ \N+/ / \ / \

H,C |

Oo

)

The problem has recently been overcome with the generation of a phosphorylated analog, 5-
(dimethoxyphosphorly)-5’-methyl-1-pyrroline N-oxide (DEPMPO). DEPMPO adducts is
stabilized with the substitution of the 5-methyl group and analog 5-ethoxycarbonyl-5methyl-
pyrroline N-oxide (EMPO). EMPO superoxide adducts were up to eight times more stable than
with DMPO and exhibited the same ESR spectrum [6].

Generation of Superoxide in Aprotic Solvents

As indicated earlier in this paper, superoxide rapidly disappears in aqueous solution and
is therefore hard to detect. Dimethyl sulfoxide (DMSO) and other aprotic solvents are able to
stabilize superoxide under certain conditions from anywhere of couple hours to several days.
Table one represents UV absorption spectral parameters for several aprotic solvents [9].

The effective way of generating superoxide is by the addition of sodium hydroxide to

DMSO [10]. An ESR spectrum was generated by rapidly freezing the sample at a specific time.
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DMPO was mixed with DMSO before the generation of superoxide was started [10]. Figure 1
represents an ESR spectrum at 77° K for alkaline DMSO when it is frozen. The g-factor (the
splitting factor of the free electron) for the spectrum is characteristic of the superoxide radical (g,
= 2.005 and gy = 2.098) [10]. The concentration of superoxide is calculated to be 4.1 x 10™ M.
Figure 2 depicts the increase in the stability of superoxide when devoid of water that was from the
atmospheric humidity. Figure 2a is the generation of superoxide in open vessel and the initial
amount was followed by a rapid decay within 7 minutes [10]. The concentration of superoxide
that was detected was less than 1% of the maximal concentration. Figure 2b represents that slow
decrease of superoxide which is stable for 30 minutes on the graph, it was stated in the article that

it was stable for more than 24 hours [10].

Superoxide lon in solutions

Table I. UV Spectral parameters of “free” and bound 0,”

A max

Solvent (nm) M em™
0, crystal 250
0, H,0O 245 2350 £120
0," DMF <257.5 2500 £150
0,” AN 249 1760 £230
0, DMSO 250 2686 +29
Co(s-R,en),(Hal)O, * 212 +4 12000
[(NH;)sCo(0,)Co(NH;)s]*" H,O ~225 ~2100
[(NC)sCo(O,)Co(NN)s]* H,0 ~225 ~2100

*s-Ren—N ,N-dialkylethlenediamine

Table 1. Representation of spectral parameters of free and bound superoxide [9].



K.J. Krager Superoxide 7

g
g |7

Figure 1 x-band ESR spectrum of superoxide in alkaline DMSO at 77° K. Modulation
amplitude, 0.4 mT; microwave power, 20 mW, time constant, 0.1 s. The concentration
of superoxide was found to be 4.1 x 10 M. The g-factor of the spectrum (g, = 2.005
and g, = 2.098) is characteristic of the superoxide radical [10].
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=100 - 100 \_ Figure 3a represents the open vessel generation
é)“ = of superoxide when mixed with DMSO.
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10 e 10 4 Figure 3b represents the tightly stoppered vessel
5 - generation of superoxide when mixed with
DMSO [10].
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The concentration and stability is reliant on the concentration of oxygen in DMSO. The value of
solubility of superoxide was calculated to be 2.2 mM atm™ in DMSO. Oxygen occurs only in the
reduced form after 3 minutes of mixing with DMSO and NaOH. The method of storage also was a
factor and that water from the atmosphere may play a part in the rapid decay of superoxide [10].
Again the reduction of O, is the first step in the generation of superoxide. The
consumption of O, through the addition of NaOH with DMSO is illustrated the next figure,

figure 4. The consumption in figure 4 appears to be specific for DMSO since there is no oxygen

consumption for the DMF and AE [11].
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NaOH

Figure 4. Oxygen consumption associated with the addition of NaOH to
DMSO a) DMSO b) dimethyl formamide (DMF) c) and acetonitrile (AE).
The final concentration of NaOH was 5 mM. The O, is equal to 20 nm for 3
min [11].

The last Figure, 5 shows the stabilization of superoxide in the presence of DMSO. The
superoxide that is generated by NaOH in the presence of DMSO appears to be stable for up three

days, and the concentration of the superoxide is inversely related to the H,O concentration in the

DMSO [11].
oI5k D
.‘Sm & Figure 5. The effect of H,O concentration of the kinetics of
= : N formation and stability of superoxide formed in DMSO. NaOH
; = was added to DMSO to give final concentration of 5 mM NaOH.
3 o Final concentration of H,O was 0.55 M (e), 1.1 M (A), 2.2 M (D),
i 3 0os P B 44 M (o) [11].
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Conclusion

Superoxide is reactive with many molecules, acting as an oxidant or reductant depending
on the environment. The existence of superoxide was first only predicted, but with the
development of more sensitive detection methods, the ability to detect superoxide became a
reality. The methods of detection such a ESR helped to measure superoxide that was generated
in many reactions. The generation of superoxide in aprotic solvents, such as DMSO is extremely
useful because it stabilized the molecule for several days unlike seconds that was shown in
aqueous solutions. Superoxide is found to be stable in aprotic solvents because of the weak
solvation in that condition [5]. In water it is undergoes rapid hydrolysis and disproportionation
to peroxide dianion. The disproportionation reaction to peroxide dianion is highly unfavorable in

aprotic solvents rendering superoxide stable [5].
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