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Biologically Active Metal-Independent Superoxide Dismutase Mimics
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ABSTRACT: Superoxide dismutase (SOD) is an enzyme that detoxifies superoxide (0, ~), a potentially toxic
oxygen-derived species. Attempts to increase intracellular concentrations of SOD by direct application are
complicated because SOD, being a relatively large molecule, does not readily cross cell membranes. We
have identified a set of stable nitroxides that possess SOD-like activity, have the advantage of being low
molecular weight, membrane permeable, and metal independent, and at pH 7.0 have reaction rate constants
with O, ranging from 1.1 X 10* to 1.3 % 10°* M~! 5. These SOD mimics protect mammalian cells from
damage induced by hypoxanthine/xanthine oxidase and H;O,, although they exhibit no catalase-like activity.
In addition, the nitroxide SOD mimics rapidly oxidize DNA-Fe"! and thus may interrupt the Fenton reaction
and prevent formation of deleterious OH radicals and/or higher oxidation states of metal ions. Whether
by SOD-like activity and /or interception of an electron from redox-active metal ions they protect cells from
oxidative stress and may have use in basic and applied biological studies.

In an oxygen-containing environment, cellular metabolism
results in the production of several potentially harmful oxy-
gen-derived species. The first in this cascade of active oxygen
metabolites is the one-electron reduction product, superoxide
(O;""). The function of the superoxide-detoxifying metallo-
enzyme superoxide dismutase (SOD)' in protecting against
oxygen-mediated biological damage is well documented
(McCord & Fridovich, 1969; Fridovich, 1972, 1974, 1975,
Gregory & Fridovich, 1973; Hassan & Fridovich, 1977).
Increasing intracellular levels of SOD or administering ex-
ogenous SOD, among other salutary effects, reportedly lessens
inflammation, decreases ischemia-induced reperfusion injury,
decreases damage from tumor necrosis factor, and mitigates
the damage caused by rheumatoid arthritis (Menander &
Huber, 1977; McCord et al., 1979; McCord, 1985; Clark et
al., 1988). Such reports have prompted further research to
explore the clinical utility of administered SOD. Because (,"~
can potentially be produced both inside and outside cells and
because exogenously applied SOD has limited membrane
permeabililty, detoxification of intracellularly produced O,"~
by extracellular SOD would be limited. Hence, compounds
with SOD-like activity having low molecular weight, biological
stability, and membrane permeability have been sought. A
number of metal chelates having SOD-like activity have been
synthesized (Weinstein & Bielski, 1980; Koppenol et al., 1986;
Darr et al., 1987; Nagano et al., 1988). These metal-de-
pendent agents, however, might become ineffective in cells
because of metal-ligand dissociation with subsequent random
and potentially deleterious binding of the dissociated metal
ions to critical cellular constituents (Darr et al., 1987). Thus,
metal independence would be a desirable added criterion for
a potential biologically useful SOD mimic. We have identified
a family of stable cyclic nitroxide free radicals that possess
these characteristics. Our initial observation was that a
persistent nitroxide spin adduct resulting from the reaction
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between “OH and DMPO, a commonly used electron spin-
trapping agent, reacts with superoxide (Samuni et al., 1989).
We extended the initial observation to show that a related
stable frec radical, 2-ethyl-2,5,5-trimethyl-3-oxazolidine- 1 -oxyl
{OXANO; compound I, Table [}, and its hydroxylamine react
with O,"~ independent of metal ions (Samuni et al., 1988).
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Summing reaction 1 and 2 results in
20, + 2H* — 0, + H,0, (3)

and therefore, OXANO act as a low molecular weight,
metal-free, SOD mimic. We have synthesized a series of
chemically related stable nitroxide radicals with varying
pendent groups and physical characteristics and have deter-
mined their SOD-like activity. To explore the potential use-
fulness of these agents, we examined their mechanism of action
and effects on mammalian cells exposed to oxidative stress
resulting from either HX /X O or direct Hy;0, exposure.

EXPERIMENTAL PROCEDURES

Chemicals. Desferrioxamine (DF) was a gift from Ciba
Geigy; hypoxanthine (HX) was purchased from Calbiochem-
Boehringer Co.; 2,2,6,6-tetramethylpiperidine-1-oxyl (TEM-
PO), 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEM-
POL), 4-hydroxypyrazolo[3,4,-d]pyrimidine (allopurinol),
p-toluenesulfonic acid, 2-amino-2-methyl-1-propanol, 2-bu-
tanone, and cyclohexanone were purchased from Aldrich
Chemical Co.; tris{oxalato)chromate(IIl) [K,;[Cr(C;0,);]-

! Abbreviations: EPR, clectron paramagnetic resonance; CHD, spi-
ro[cyclohexane-1,2'-doxyl] [spiro[cyvclohexane-1,2'-(4'.4'-dimethyl-
oxazolidine-3-oxyl)]]; DTPA, diethylenetriaminepentaacetate; OXANO,
2-cthyl-2 4 4-trimethyloxazolidine- 3-oxyl; TEMPOL, 4-hydroxy-2,2,6,6-
tetramethylpiperidine- 1 -oxyl; TEMPO, 2,2,6,6-tetramethylpiperidine-1-
oxyl; SOD, superoxide dismutase; DF, desferrioxamine; X O, xanthine
oxidase; HX, hypoxanthine.






