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SUMMARY:

In this review we describe the potential role(s) of superoxide in inflammatory disorders.
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epinephrine respectively,14 lipid peroxidation and
oxidation, DNA single-strand damage15 and activation of poly-ADP-ribose polymerase, formation of
peroxynitrite, a potent cytotoxic and proinflammatory molecule13,16±19 that also nitrates and deactivates
superoxide dismutase20,21 and causes the inactivation
of nitric oxide.22
The list of patho-physiological conditions associated with the production of superoxide anion expands
everyday. The most exciting realization is that there
appears to be a commonality to the tissue injury
observed in various disease states; namely, superoxide
anion, produces tissue injury (and associated inflammation) in all tissues in similar ways. Tissue injury
and inflammation form the basis of many disease
pathologies: ischemia and reperfusion injuries, radiation injury, hyperoxic lung damage, atherosclerosis
and so forth. This provides a unique opportunity to
manipulate numerous disease states with an agent
that selectively removes superoxide anion.
Most of the knowledge obtained about the roles of
superoxide anion in disease has been gathered using
the native superoxide dismutase enzyme23±26 and, more
recently, by data generated in transgenic animals that
overexpress the human enzyme (VIDE INFRA). Protective and beneficial roles of superoxide dismutase
have been demonstrated in a broad range of diseases,
both preclinically and clinically.27±29 For example,
preclinical studies have revealed that superoxide
dismutase enzymes have a protective effect in animal
models of ischemia-reperfusion injury (including
heart, liver, kidneys, brain),30±35 transplant-induced
reperfusion injury,36 inflammation,37±38 Parkinson's
disease39,40, cancer,41±43 AIDS44±46 and pulmonary

INTRODUCTION
Under normal circumstances, the levels of superoxide
anion (Oÿ
2 , produced by the one electron reduction
of molecular oxygen) are kept under tight control by
endogenous superoxide dismutase (SOD) enzymes,
the enzymatic activity of which was discovered in
1969 by McCord and Fridovich.1 There are two
forms of SOD: the Mn enzyme in mitochondria
(SOD2) and Cu/Zn enzyme present in the cytosol
(SOD1) or extracellular surfaces (SOD3). The importance of SOD2 is highlighted by the findings that in
contrast to SOD12 and SOD3,3 the SOD2 knockout
is lethal to mice.4±6 Superoxide anion is formed via
a large number of pathways, including normal cellular respiration, inflammatory cells, endothelial cells
and in the metabolism of arachidonic acid. In acute
and chronic inflammation, the production of superoxide anion is increased at a rate that overwhelms the
capacity of the endogenous SOD enzyme defence
system to remove it. The consequence of this imbalance results in superoxide anion mediated damage
(Fig. 1). Some important pro-inflammatory roles for
superoxide anion include: endothelial cell damage and
increased microvascular permeability,7±9 formation of
chemotactic factors such as leukotriene B4,10
recruitment of neutrophils at sites of inflammation,11,12,13 auto-catalytic destruction of neurotransmitters and hormones such as norepinephrine and
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disorders including asthma, chronic obstructive pulmonary diseases47,48 and Respiratory Syncytial Virus
(RSV) infections.49 In some situations such as stroke
or Parkinson's, the native enzymes do not show efficacy since they do not penetrate (because of their
large size, MW 30 KD) the blood brain barrier
(Fig. 2). Under these circumstances use of transgenic
animals that overexpress the superoxide dismutase
enzyme has led to some important observations. For
instance overexpression of the superoxide dismutase
enzyme in rats is protective in animal models of
stroke or Parkinson's.50
Most importantly, human clinical results with,
Orgotein1 (bovine CuZnSOD) showed promising
results as a human therapy in acute and chronic
conditions associated with inflammation, including
rheumatoid arthritis and osteoarthritis as well as
side effects (acute and chronic) associated with
chemotherapy and radiation therapy.24,51,52 Thus, in
clinical trials, the use of the native enzyme supported
the concept that removal of superoxide anion had
a beneficial outcome. Although, the native enzyme
has shown excellent anti-inflammatory properties in

both preclinical and clinical studies, in a variety of
diseases, there were major drawbacks associated with
its use. The main problem was the non-human origin
of the enzyme: bovine. This inevitably gave rise to
a variety of immunological problems, which eventually led to its removal from the market, except
in Spain where it is still clinically used to prevent
radiation-induced side effects.
Based on the concept that removal of superoxide
anion modulates the course of inflammation, we
have pursued the concept of designing synthetic, low
molecular weight mimetics of the superoxide dismutase enzymes which could overcome some of the
limitations associated with Orgotein (Fig. 3). This
could allow the synthetic superoxide dismutase
mimetics to serve as pharmaceutical candidates in a
variety of diseases in which the native SOD enzyme
was found to be effective.35±38,40,44,48,53±57 This concept has proven to be one in which a number of
researchers and companies have been pursuing in
recent years.58 A review of the patent literature in
this arena was in fact recently published.59
In this short review article we will discuss findings
obtained with selective superoxide dismutase mimetics
that led to the proposal that superoxide anion is a
crucial mediator of inflammation, thus, the potential
use of SOD mimetics (SODm) as therapeutic agents
in diseases of various aetiologies, including bronchopulmonary disorders.
DESIGN OF SODm

Fig. 1 Superoxide anion in inflammation.

Fig. 2 Synzymes of superoxide dismutase.

We have focused on the design and synthesis of
Mn(II) and Fe(III) complexes, which possess high
inherent chemical and thermodynamic stability, and
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Fig. 3 Goals: superoxide dismutase mimics (SODm).
Table 1 Properties of superoxide dismutase mimics, e.g. M40403.
Manganese containing biscyclohexylpyridine
Catalytic activity equivalent if not superior to that of the
native enzyme
Non-peptide small molecule: non-immunogenic
Penetrates cells
Selective for superoxide (no interaction with biologically
important molecules)
Stable in vivo: no Mn dissociation
Not deactivated by peroxynitrite
Protective in various models of acute and chronic
inflammation, reperfusion injury and shock

at the same time are highly effective catalysts for the
dismutation of superoxide anion. This dual design
goal of high stability and high SOD activity was
achieved utilizing a combination of computer-aided
modelling studies and synthesis activities and has led
to the development of a novel class of highly active
superoxide dismutase catalysts which are also very
stable complexes.60±62 These synthetic superoxide
dismutase mimetics are exemplified by the prototypical complexes, M40403 and M40401 (Fig. 2),
derived from the 15-membered macrocyclic ligand,
1,4,7,10,13-pentaazacyclopentadecane, containing the
added bis(cyclohexylpyridine) functionalities.63
The framework of these two ligands coordinated to
Mn(II) affords a very kinetically stable (to dissociation) and oxidatively stable Mn(II) complexes.61±63
M40403 (see Fig. 2 and Table 1) is a stable, low
molecular weight, manganese-containing, nonpeptidic molecule possessing the function, and catalytic rate of 26107 Mÿ1 sÿ1 at pH  7.4, but unlike
the native superoxide dismutase enzymes, it possesses
a pH dependence in its catalytic rate so that at lower
pH (e.g., pH  6) the rate constant is in excess of
16108 Mÿ1 sÿ1. M40401 on the other hand was a
product of our computer-aided design studies and
possesses a catalytic rate constant in excess of
26109 Mÿ1 sÿ1 at pH  7.4 and is hence as active
as the native enzymes on a molar basis and even
more active at lower pH.61 Thus, these new
mimetics possess not only the catalytic activity of
the native enzymes on a molar basis, but also possess
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the added advantage of being a much smaller
molecule (MW 483 (or M40401: MW  501) vs.
MW 30 000 for the mimetic and native enzyme, respectively).61,62 An important property of these superoxide dismutase mimetics is that they catalytically
remove superoxide anion at a high rate selectively
without interacting with other reactive species
including nitric oxide, peroxynitrite, hydrogen peroxide, hypochlorite or oxygen64,65 (Table 1).
What is responsible for such selectivity and why is
this important? The unique selectivity of mimetics
such as M40403 resides in the nature of the manganese(II) center in the complex. The resting oxidation
state of the complex is the reduced Mn(II); as a consequence, the complex has no reactivity with reducing
agents until it is oxidized to Mn(III) by protonated
superoxide, whereupon, the complex is rapidly
reduced back to the Mn(II) state by the superoxide
anion at diffusion-controlled rates. Since the complex
is so difficult to oxidize (0.78 vs. (SHE)) many
one-electron oxidants cannot oxidize this and its
related complexes (including nitric oxide and
oxygen). Further, since the superoxide dismutase
mimetics operate via a facile one-electron oxidation
pathway, other two-electron non-radical, but nevertheless, potent oxidants are not kinetically competent
to oxidize the Mn(II) complex; e.g., peroxynitrite,
hydrogen peroxide or hypochlorite. Thus, M40403
and other complexes of this class of superoxide
dismutase mimetics can serve as selective probes for
deciphering the role of superoxide anion in biological
systems where other such relevant biological oxidants
may be present.64
This property is not shared by other classes of `so
called and claimed classes of SOD mimetics' including
several metalloporphyrins such as tetrakis-(N-ethyl2-pyridyl) porphyrin (MnTE-2-PyP) and tetrakis(benzoic acid)porphyrin (MnTBAP), that interact
with other reactive species such as nitric oxide (NO)
and ONOOÿ which clearly play important roles in
inflammation.66 In addition, in a rat model of lung
pleurisy, the intraperitoneal treatment with Mn(III)tetrakis (4-benzoic acid) porphyrin (MnTBAP) prior
to carrageenan administration was found to suppress
inflammatory responses in a dose-dependent
manner.67 The most profound effects of MnTBAP
were on depressing neutrophil influx and in reducing
nitrotyrosine formation, a marker of peroxynitrite
formation in inflammation. Others mimetic
compounds (mixed SOD and catalytic action) such
as EUK 8, EUK 134, Tempol and Nitroxide SOD
mimics have shown some therapeutic benefits in inflammation.68±71
The selectivity exhibited by M40403 and other
complexes of this class of stable SOD mimetic allows
us to decipher superoxide's unique role in disease. But
the issue of what is the fate of the superoxide is
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important to consider. Each mole of superoxide that
is dismuted produces 12 mole of oxygen and 12 mole of
hydrogen peroxide. It is important to note that superoxide is a very good reducing agent in its anionic
state, but when protonated becomes a very good
oxidant. Thus, hydrogen peroxide which is produced
when HO2 oxidizes a biological target, is itself not
a radical, but actually is quite an inert oxidant whose
cellular toxicity is probably in the 100 mM to mM
range. Hydrogen peroxide's toxicity is likely due to
the generation of reduced iron (Fe(III) is the oxidation state of iron in iron storage sites) which as Fe(II)
reacts with hydrogen peroxide (Fenton Rxn.) undergoing homolytic cleavage to generate Fe(III)(OH)
and hydroxyl radical. Iron(III) must first be
reduced to `free' soluble Fe(II) for this reaction to
occur, and one of the best reductants available in
inflammatory, or reperfusion disease states is superoxide and it has been shown to be an excellent kinetically competent reductant of Fe(III) in iron stage
sites liberating Fe(II) and generating oxygen.72
Thus, superoxide, when involved as a biological
reductant, becomes oxygen (not hydrogen peroxide,
and is the culprit leading to generation of conditions favourable for Fenton chemistry to be
initiated).
The possibility that selective mimetics (such as
those discussed here) would be creating a more toxic
condition by generating more hydrogen peroxide is
not correct when one inspects the stoichiometry of the
reactions involved. Nearly all of the oxidizing reactions which superoxide enters into (HO2. driven)
involve hydrogen atom abstraction from a biological
target molecule such as a catecholamine14, DNA15.
These oxidation reactions are free radical chain reactions and produce at least one hydrogen peroxide per
oxidation ± in fact these are all free radical chain
reactions that in the presence of oxygen will yield
many molecules of hydrogen peroxide with one
initiation from superoxide. When superoxide is
dismuted the stoichiometry is such that two superoxides and two protons generate as the net reaction
one oxygen molecule and one hydrogen peroxide;
thus, in effect each mole of superoxide now leads to
1
2 a mole of hydrogen peroxide. So in effect by
dismuting superoxide one actually decreases the
potential H2O2 burden ± not increasing it. Finally,
we have actually tested our family of molecules
in vitro73 in assays designed to test the protective
effects of this family in neutrophil-mediated injury
of human aortic endothelial cells. Not only do the
compounds protect against the activated neutrophilmediated killing of the human aortic cells, added
catalase and glutathione peroxidase had no added
benefit either in the presence of the mimetics or in
their absence. Our data support that hydrogen peroxide toxicity is not an issue when efficient and selective

superoxide dismutation is achieved in models of inflammation.
In light of the critical roles of superoxide anion in
disease and cellular signalling, these new selective,
potent and stable synthetic enzymes of superoxide
dismutase, as represented by M40403, have broad
potential as therapeutic agents in the treatment
of numerous diseases ranging from acute and
chronic inflammation to cardiovascular diseases and
cancer. In fact, we have shown over the last several
years that superoxide dismutase mimetics are antiinflammatory, protective in models of septic shock
and ischemia-reperfusion injury:64,65,74,75 the findings
from the studies are summarized and discussed below.

SUPEROXIDE ANIONS, SUPEROXIDE
DISMUTASE MIMETICS AND
INFLAMMATION
There is no doubt that reactive oxygen species including nitric oxide, superoxide anion and the product of
their reaction, peroxynitrite, are involved in acute
and chronic inflammation. The relative contribution
of each of these species is becoming increasingly substantiated through the development of selective agents
that either inhibit their formation or remove them.
Pharmacological use of selective Mn(II) mimics of the
biscyclohexylpyridine class, such as M40403, has
provided invaluable information as to the potential
role(s) of superoxide anions in inflammation. A summary of the key anti-inflammatory effects of superoxide dismutase mimetics are shown in Tables 2 and 3
and discussed below.
An important mechanism by which superoxide
dismutase mimetics attenuate inflammation is by
Table 2 Summary of the anti-inflammatory properties of M40403.
Inhibition of the up-regulation of adhesion molecules
(ICAM-1, P-selectin) and PMNs infiltration at the inflamed site
Attenuation of pro-inflammatory cytokines release
(TNFa, IL-1b, IL-6)
No effect or increased production of anti-inflammatory
cytokines (IL-10)
Protection of the inactivation of nitric oxide and preservation
of its beneficial effects

Table 3 Summary of the anti-inflammatory properties of
M40403 (2).
Inhibition of lipid peroxidation and cellular protection
Attenuation of DNA damage and subsequent activation of
poly-ADP-ribose polymerase (PARP)
Attenuation of peroxynitrite formation and thus subsequent
peroxynitrite mediated damage
Protects against superoxide anion-driven deactivation of
catecholamines, important immunoregulators
Inhibition of the activation of transcription factors (NFkB)
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reducing peroxynitrite formation by simply removing
superoxide anion before it can react with nitric oxide.
This is important since the pro-inflammatory and
cytotoxic effects of peroxynitrite are numerous.76,77
For instance, removal of peroxynitrite by agents such
as FeTMPS, a porphyrin-containing molecule that
increases the rate of isomerization of peroxynitrite
to nitrate78 is cytoprotective79 and anti-inflammatory.19,77 Peroxynitrite also nitrates tyrosine residues
in proteins, and nitrotyrosine formation, as monitored
by its immunofluorescence, has been used as a marker
for the detection of the endogenous formation of peroxynitrite.80 We have found that the SODm block
nitrotyrosine staining in models of inflammation,
suggesting that superoxide anion-driven peroxynitrite
formation is in fact responsible for the formation of
nitrotyrosine and that it's inhibition could account
for the anti-inflammatory effects of superoxide
dismutase mimetics. This in fact was the first evidence
to show in vivo a superoxide-dependent nitration,
since superoxide dismutase mimetics do not react
with nitric oxide or peroxynitrite. A similar pattern
of immunoreactivity for nitrotyrosine is observed in
a lung model of ischemia and pleurisy.65±81
A substantial amount of data has been generated to
support the concept that peroxynitrite generation
plays an important part in the pro-inflammatory
roles that have been ascribed to date to nitric oxide
(see Ref. [77] for review). Based on the above, we
propose that superoxide dismutase mimetics should
be considered as a therapeutic means to attenuate
nitric oxide-driven inflammatory responses. In addition, superoxide anion by interacting with nitric
oxide destroys the biological activity of this mediator22 attenuating important anti-inflammatory and
tissue protective properties of nitric oxide namely:
maintenance of blood vessel tone, platelet reactivity
and cytoprotective effects in numerous organs
(including heart intestine and kidney), and release of
anti-inflammatory and cytoprotective prostacyclin
(via activation of the constitutive cyclooxygenase
enzyme).82,83 Therefore, removal of superoxide
protects nitric oxide and reduces the formation of
the cytotoxic peroxynitrite.
Superoxide anion and peroxynitrite induce DNA
single-strand damage that is the obligatory trigger for
poly-ADP-ribose polymerase activation84,85 resulting
in the depletion of its substrate NAD in vitro and
a reduction in the rate of glycolysis. As NAD functions as a cofactor in glycolysis and the tricarboxylic
acid cycle, NAD depletion leads to a rapid fall in
intracellular ATP and, ultimately, cell injury.86
Furthermore, substantial evidence exists to support
the fact that poly-ADP-ribose polymerase activation
is important in inflammation.86 Poly-ADP-ribose
polymerase inhibitors such as nicotinamide and
3-aminobenzamide attenuate both acute and chronic
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inflammatory processes.87 We have also found
that superoxide dismutase mimetics reduced polyADP-ribose polymerase immunofluorescence and
attenuated the reduction of NAD in models of
acute and chronic inflammation.88 In light of the
role of poly-ADP-ribose polymerase in inflammation,
it is possible that poly-ADP-ribose polymerase inhibition by superoxide dismutase mimetics accounts for
their anti-inflammatory response.
Superoxide anions increase neutrophil adhesion
and infiltration13,64,65,89 and generate potent chemotactic mediators such as leukotriene B4.90 Removal of
superoxide inhibits the infiltration of neutrophils at
sites of inflammation as shown by the use of the
native superoxide dismutase enzyme, experiments
performed in transgenic mice that overexpress the
human CuZnSOD enzyme,34,35 and by use of superoxide dismutase mimetics such as SC-55858 and
M40403.13,64,65,91 This correlates well with an attenuation of lipid peroxidation and overall attenuation of
acute and chronic inflammation.92 A possible mechanism by which superoxide dismutase mimetics attenuates neutrophil infiltration is by down-regulating
adhesion molecules such as ICAM-1 and P-selectin.
Thus, inhibition of neutrophil infiltration at sites
of inflammation and reperfusion injury correlated
well with the inhibition of both ICAM-1 and
P-selectin73,93 supporting the involvement of superoxide in the regulation of adhesion molecules
(through mechanisms yet to be defined). In addition
to ICAM-1 and P-selectin, other adhesion molecules
may be affected by superoxide. For instance, native
superoxide dismutase enzyme attenuates monocyte
infiltration in glomeruli post endotoxin, an effect associated with an attenuation of the expression of various
adhesion molecules including glomerular ICAM-1
and VCAM-1 and leukocyte LFA-1 and VLA-4.94
The release of a variety of pro-inflammatory
cytokines is also regulated by superoxide. Thus,
superoxide dismutase mimetics inhibit a number of
inflammatory cytokines including tumor necrosis
factor a, interleukin-1b and interleukin-6 (TNF-a,
IL-1b and IL-6, respectively) as shown in models of
acute65 and chronic inflammation75 as well as reperfusion-injury.74 At present the mechanism(s) through
which superoxide regulate cytokines is not known,
but this is the subject of intensive research. Recent
data demonstrates that superoxide anions (generated
from xanthine±xanthine oxidase) can directly release
TNFa from macrophages.95 Interestingly, the antiinflammatory cytokine IL-10 is not affected.65
In summary, removal of superoxide anion impacts
the inflammatory cascade through at least three
major pathways:

 inhibition of peroxynitrite formation and sparing
of nitric oxide,
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 inhibition of neutrophils infiltration at the site of
inflammation,

 inhibition of pro-inflammatory cytokine release.
To date, the relative contribution of each mechanism to the contribution of the above mentioned events
is not clear. Numerous ideas can be developed and
explored. For instance, is the ability of superoxide
anion to evoke neutrophil infiltration the consequence of generating chemotactic factors such as
leukotriene B4 or is it the consequence of superoxide
anion-driven upregulation of key adhesion molecules?
And if the latter were to be the key driver, then what
is the intracellular transduction mechanism through
which superoxide anion upregulates adhesion molecules? One possibility would be the activation of transcription factors such as NFkB or AP-1, which in
turn regulate a variety of genes that encode for proinflammatory cytokines, chemokines, inflammatory
enzymes, adhesion molecules and receptors.96,97
Overall, these findings support the potential use of
superoxide dismutase mimetics as therapeutic agents
in diseases of various aetiologies, including bronchopulmonary disorders.98 It was not our goal to review
in any length the relationship that exists between
increased superoxide generation, decreased superoxide dismutase activity and its consequences in
these disorders. Nevertheless, ample evidence is available to support a role for superoxide in asthma (Refs.
[98±99] for reviews), chronic obstructive pulmonary
disorders (Refs. [48±100] for reviews), adult respiratory distress syndrome (Ref. [101] for review) and
respiratory syncytial virus infection (RSV, Ref. [49]).
Additional properties of superoxide anion that have
not been discussed here but that are clearly pertinent
to pathological events of various bronchopulmonary
disorders include for instance: release of histamine
from mast cells,102,103 damage to epithelial
cells104,105 activation of latent metalloproteinases
such as pro-collagenase and pro-elastase.106,107 The
challenge in the future will be to understand the signal
transduction mechanisms used by superoxide anion
so as to modify key components of the inflammatory
response, as this will undoubtedly elucidate important molecular targets for future pharmacological
intervention.

REFERENCES
1. Mc Cord J M, Fridovich I. Superoxide dismutase: an
enzymatic function for erythrocuprein. J Biol Chem 1969;
244: 6049±6055.
2. Reaume A G, Elliott J T, Hoffman E K, Kowall N W,
Ferrante R J, Siwek D F, Wilcox H M, Flood D G, Beal M F,
Browr R H Jr, Scott R W, Snider W D. Motor neurons in
Cu/Zn superoxide dismutase-deficient mice develop normally
but exhibit enhanced cell death after axonal injury. Nat Genet
1996; 13: 43±47.

3. Carlsson L M, Jonsson J, Edlundand T, Marklund S L. Mice
lacking extracellular superoxide dismutase are more sensitive
to hyperoxia. Proc Natl Acad Sci USA 1995; 92: 6264±6268.
4. Li Y, Huang T T, Carlson E J, Melov S, Ursell P C, Olson J
L, Noble L J, Yoshimura M P, Berger C, Chan P H, et al.
Dilated cardiomyopathy and neonatal lethality in mutant
mice lacking manganese superoxide dismutase. Nat Genet
1995; 11: 376±381.
5. Lebovitz R M, Zhang H, Vogel H, Cartwright J Jr, Dionne L,
Lu N, Huang S, Matzuk M M. Neurodegeneration,
myocardial injury, and perinatal death in mitochondrial
superoxide-deficient mice. Proc Natl Acad Sci USA 1996; 93:
9782±9787.
6. Melov S, Coskun P, Patel M, Tuinstra R, Cottrell B, Jun A S,
Zastawny T H, Dizdaroglu M, Goodman S I, Huang T T,
Miziorko H, Epstein C J, Wallace D C. Mitochondrial
disease in superoxide dismutase 2 mutant mice. Proc Natl
Acad Sci USA 1999; 96: 846±851.
7. Droy-Lefaix M T, Drouet Y, Geraud G, Hosfod D, Braquet P.
Superoxide dimutase (SOD) and the PAF-antagonist (BN
52021) reduce small intestinal damage induced by ischemiareperfusion. Free Rad Res Commun 1991; 12: 725±735.
8. Haglind E, Xia G, Rylander R. Effects of antioxidants and
PAF receptor antagonist in intestinal shock in the rat. Circ
Shock 1994; 42: 83±91.
9. Xia Z F, Hollyoak M, Barrow R E. He F, Muller M J,
Herndon D N. Superoxide dismutase and leupeptin prevent
delayed reperfusion injury in the rat small intestine during
burn shock. J Burn Care Rehab 1995; 16: 111±117.
10. Fantone J C, Ward P A. A review: role of oxygen-derived free
radicals and metabolites in leukocyte-dependent
inflammatory reactions. Am J Pathol 1982; 107: 395±418.
11. Deitch E A, Bridges W, Berg R, Specian R D, Granger N.
Hemorrhagic shock-induced bacterial translocation: The role
of neutrophils and hydroxyl radicals. J Trauma 1990; 30:
942±951.
12. Boughton-Smith N K, Evans S M, Laszlo F, Whittle B J,
Moncada S. The induction of nitric oxide synthase and
intestinal vascular permeability by endotoxin in the rat.
Br J Pharmacol 1993; 110:1189±1195.
13. Salvemini D, Riley D P, Lennon P J, Wang Z Q, Currie M G,
Macarthur H, Misko, T P. Protective effects of a superoxide
dismutase mimetic and peroxynitrite decomposition catalysts
in endotoxin-induced intestinal damage. Br J Pharmacol
1999, 127: 685±692.
14. Macarthur H, Westfall T C, Riley D P, Misko T P, Salvemini
D. Inactivation of catecholamines by superoxide gives new
insights on the pathogenesis of septic shock. Proc Natl Acad
Sci USA 2000; 97: 9753±9758.
15. Dix T A, Hess K M, Medina M A, Sullivan R W, Tilly S L,
Webb T L L. Mechanism of site-selective DNA nicking by the
hydrodioxyl (perhydroxyl) radical. Biochemistry 1996; 35:
4578±4583.
16. Beckman J S, Beckman T W, Chen J, Marshalland P A,
Freeman B A. Apparent hydroxyl radical production by
peroxynitrite: implication for endothelial injury from nitric
oxide and superoxide. Proc Natl Acad Sci USA 1990; 87:
1620±1624.
17. Ischiropoulos H, Zhu L, Beckman I S. Peroxynitrite
formation from macrophage-derived nitric oxide. Arch
Biochem Biophys 1992; 298: 446±451.
18. Beckman J S, Crow L P. Pathological implications of nitric
oxide, superoxide and peroxynitrite formation. Biochem Soc
Trans 1993; 21: 330±334.
19. Salvemini D, Wang Z-Q, Stern M K, Currie M G, Misko T P.
Peroxynitrite decomposition catalysts: Novel therapeutics for
peroxynitrite-mediated pathology. Proc Natl Acad Sci USA
1998: 95: 2659±63.
20. Yamakura F, Taka H, Fujimura T, Murayama K.
Inactivation of human manganese-superoxide dismutase by
peroxynitrite is caused by exclusive nitration of tyrosine 34 to
3-nitrotyrosine. J Biol Chem 1998; 273: 14085±14089.
21. Macmillan-Crow L A, Thompson J A. Tyrosine
modifications and inactivation of active site manganese
superoxide dismutase mutant (y34f) by peroxynitrite. Arch
Biochem Biophys 1999; 66: 82±88.

Superoxide Dismutase Mimetics
22. Gryglewski R J, Palmer R M, Moncada S. Superoxide anion
is involved in the breakdown of endothelium-derived vascular
relaxing factor. Nature 1986; 320: 454±456.
23. Huber W, Menander-Huber K B, Saifer M G P, Williams L D.
Bioavailability of superoxide dismutase: implications for the
anti-inflammatory action mechanism of orgotein. AAS 1980;
7: 185±195.
24. Flohe L. Superoxide dismutase for therapeutic use: clinical
experience, dead ends and hopes. Mol Cell Biochem 1988;
84: 123±131.
25. Uematsu T, Nagashima S, Umemura K, Kanamaru M,
Nakashima M. Pharmacokinetics and safety of intravenous
recombinant human superoxide dismutase (nk341) in healthy
subjects. International Journal of Clinical Pharmacology and
Therapeutics 1994; 32: 638±641.
26. Fridovich I. Superoxide radical and superoxide dismutases.
Ann Rev Biochem 1995; 64: 97±112.
27. Halliwell B, Gutteridge J M C. In: Baum H, Gergely J,
Fanburg BL ed. Free radicals in biology and medicine.
London: Oxford University Press, 1985: 89±193.
28. Maxwell S R J. Prospects for the use of antioxidant therapies.
Drugs 1995; 49: 345±361.
29. Mc Cord J M. Free radicals and inflammation: protection of
synovial fluid by superoxide dismutase. Science 1974; 185:
529±531.
30. Werns S W, Simpson P J, Mickelson J K, Shea M J, Pitt B,
Lucchesi B. Sustained limitation by superoxide dismutase of
canine myocardial injury due to ischemia followed by
reperfusion. J Cardiovasc Pharmacol 1988; 11: 36±44.
31. Omar B A, McCord J M. Interstitial equilibration of
superoxide dismutase correlates with it protective effect in the
isolated rabbit heart. J Mol Cell Cardiol 1991; 23: 149±159.
32. McCord J M. Superoxide dismutase: rationale for use in
reperfusion injury and inflammation. J Free Rad Biol Med
1986; 2: 307±310.
33. Ando Y, Inoue M, Hirota M, Morino Y, Araki S. Effect of
superoxide dismutase derivative on cold-induced brain
edema. Brain Res 1989; 477: 286±291.
34. Chan P H, Yang G Y, Chen S F, Carlson E, Epstein C J.
Cold-induced brain edema and infarction are reduced in
transgenic mice overexpressing superoxide dismutase. Ann
Neurol 1991; 29: 482±486.
35. Yang G, Chan P H, Chen J, Carlson E, Chen S F,
Weinstein P, et al. Human copper-zinc superoxide dismutase
transgenic mice are highly resistant injury after focal cerebral
ischemia. Stroke 1994; 25: 165±170.
36. Zweier J L. Prevention of reperfusion-induced, free radicalmediated acute endothelial injury by super oxide dismutase as
an effective tool to delay/prevent chronic renal allograft
failure: a review. Transplant Proc 1997; 29: 2567±2568.
37. Oyanagui Y. Participation of superoxide anions at the
prostaglandin phase of carrageenan foot-oedema. Biochem
Pharmacol 1976; 25: 1465±1472.
38. Shingu M, Takahashi S, Ito M, Hamamatu N, Svenega T,
Chibanese Y, Nobunaga M. Anti-inflammatory effects of
recombinant human manganese superoxide dimutase on
adjuvant arthritis in rats. Rheumatol Int 1994; 14: 77±82.
39. Andreassen O A, Ferrante R J, Dedeoglu A, Albers D W,
Klivenyi P, Carlson E J, Epstein C J, Beal M F. Mice with a
partial deficiency of manganese superoxide dismutase show
increased vulnerability to the mitochondrial toxins malonate,
3-nitropropionic acid, and MPTP. Exp Neurol 2001; 167(1):
189±95.
40. Przedborski S, Kostic V, Jackson-Lewis V, Naini A B,
Simonetti S, Fahn S, Carlson E, Epstein C J, Cadet J L.
Transgenic mice with increased Cu/Zn-superoxide dismutase
activity are resistant to N-methyl-4-phenyl-1,2,3,6tetrahydropyridine-induced neurotoxicity. J Neurosci 1992;
12(5): 1658±67.
41. Church S L, Grant J W, Ridenour L A, Oberley L W,
Swanson P E, Meltzer P S, et al. Increased manganese
superoxide dismutase expression suppresses the malignant
human melanoma cells. Proc Natl Acad Sci USA 1993; 90:
3113±3117.
42. Safford S E, Oberley T D, Urano M, St Clair D K.
Suppression of fibrosarcoma metastasis by elevated

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.
53.

54.

55.
56.

57.

58.
59.
60.

61.

62.

445

expression of manganese dismutase. Cancer Res 1994; 54:
4261±4265.
Yoshizaki N, Mogi Y, Muramatsu H, Koike K, Kogawa K,
Niitsu Y. Suppressive effect of recombinant human Cu,
Zn-superoxide dismutase on lung metastasis of murine tumor
cells. Int J Cancer 1994; 57: 287±292.
Flores S C, Marecki J C, Harper K P, Bose S K, Nelson S K,
McCord J M. Tat protein of human immunodeficiency virus
type 1 represses expression of manganese superoxide
dismutase in HeLa cells. Proc Natl Acad Sci USA 1993; 90:
7632±7636.
Edeas M A, Emerit I, Khalhoun Y, Lazizi Y, Cernjavski L,
Levy A, et al. Clastogenic factors in plasma of HIV-1 infected
patients activate HIV-1 replication in vitro: inhibition by
superoxide dismutase. Free Rad Biol Med 1997; 23: 571±578.
Mollace V, Nottet HS, Clayette P, Torco MC, Muscoli C,
Salvemini D, Perno CF. Oxidative stress and neuro-aids:
triggers, modulators and novel antioxidants. Trends Neurosci
2001; 24: 411±416.
Salminen U, Harjula A L, Maasilta P K, Romanska H M,
Bishop A E, Polak J M. Superoxide dismutase in
development of obliterative bronchiolitis. Transplant Proc
2001; 33: 2477.
Barnes J P. Chronic obstructive pulmonary disease. N Engl J
Med 2000; 343: 269±280.
Wyde P R, Moore D K, Pimentel D M, Gilbert B E.
Recombinant superoxide dismutase (SOD) administered by
aerosol inhibits respiratory syncytial virus infection in cotton
rats. Antiviral Res 1996 Jul; 31(3): 173±84.
Klivenyi P, St Clair D, Wermer H, Yen H C, Oberly T,
Yang L, Beal MF. Manganese superoxide dismutase
overexpression attenuates MPTP toxicity. Neurobiol Dis
1998; 5: 253±258.
Edsmyr F, Huber W, Menander K B. Orgotein efficacy in
ameliorating side effects due to radiation therapy. I.
Double-blind, placebo-controlled trial in patients with
bladder tumors. Curr Therapeut Res 1976; 19: 198±211.
Lefaix J L. Successful treatment of radiation induced fibrosis
using CuZn SOD an Mn SOD: an experimental study. Int J
Radiat Oncol Biol Phys 1996; 35: 305±312.
Deng H X, Hentati A, Tainer J A, Iqbal Z, Cayabyab A,
Hung W Y. Amyotrophic lateral sclerosis and structural
defects in CU, Zn superoxide dismutase. Science 1993; 261:
1047±1051.
Rosen D R, Siddique T, Patterson D, Figlewicz D A, Sapp P,
Hentati A. Mutations in Cu/Zn superoxide dismutase gene
are associated with familial amyotrophic lateral sclerosis.
Nature 1993; 362:59±62.
Brown R H Jr. Amyotrophic lateral sclerosis: recent insights
from genetics and transgenic mice. Cell 1995; 80: 687±692.
Troy C M, Shelanski M L. Down-regulation of copper/zinc
superoxide dismutase causes apoptotic death in PC12
neuronal cells. Proc Natl Acad Sci USA 1994; 91:
6384±6387.
Greenlund L J S, Deckwerth T L, Johnson E M Jr.
Superoxide dismutase delays neuronal apoptosis: a role for
reactive oxygen species in programmed neuronal death.
Neuron 1995; 14: 303±315.
Riley D P. Functional mimics of superoxide dismutase
enzymes as therapeutic agents. Chem Rev 1999; 99:
2573±2587.
Henke S L. Superoxide dismutase mimics as future
therapeutics. Exp Opin Ther Patents 1999; 9: 169.
Riley D P, Henke S L, Lennon P J, Aston K. Computer-aided
design (cad) of synzymes: use of molecular mechanics (MM)
for the rational design of superoxide dismutase mimics. Inorg
Chem 1999; 38: 1908±1917.
Aston K, Rath, N, Naik A, Slomczynska U, Schall O F,
Riley D P. Computer-aided design (cad) of Mn(II)
complexes: superoxide dismutase mimetics with catalytic
activity exceeding the native enzyme. Inorg Chem 2001; 40:
1779±1789.
Riley D P. Rational design of synthetic enzymes and their
potential utility as human pharmaceuticals: Development of
Mn(II)-based superoxide dismutase mimics. Advances
Supramolecular Chem 1999; 6: 217±244.

446

D. Salvemini et al

63. Salvemini D, Wang Z-Q, Zweier J, Samouilov A,
Macarthur H, Misko T, Currie M G, Cuzzocrea S, Sikorski J A,
Riley D P. A non-peptidyl mimic of superoxide dismutase
with therapeutic activity in rats. Science 1999; 286:
304±306.
64. Riley D P, Henke S L, Lennon P J, Weiss R H, Neumann W L,
Rivers W J, Aston K W, Sample K R, Ling C S, Shieh J J,
Busch D H, Szulbinski W. Synthesis, characterization
and stability of manganese (ii) c-substituted 1,4,7,10,13pentaazacyclopentadecane complexes exhibiting superoxide
dismutase activity. Inorg Chem 1996; 35: 5213±5231.
65. Salvemini D, Mazzon E, Dugo L, Riley D P, Serraino I,
Caputi A P, Cuzzocrea S. Pharmacological manipulation of
the inflammatory cascade by the superoxide dismutase
mimetic, M40403. Br J Pharmacol 2001; 132: 815±827.
66. Patel M, Day B J. Metalloporphyrin class of therapeutic
catalyic antioxidants. Tips 1999; 20: 359±364.
67. Cuzzocrea S, Zingarelli B, Costantino G, Caputi A P.
Beneficial effects of Mn(III)tetrakis (4-benzoic acid)
porphyrin (MnTBAP), a superoxide dismutase mimetic,
in carrageenan-pleurisy Free Radic Biol Med 1999; 26:
26±33.
68. Bianca R, Wayman N, McDonald M, Pinto A, Shape M,
Chatterjee P, Thiemermann C. Superoxide dismutase mimetic
with catalase activity, EUK-134, attenuates the multiple
organ injury and dysfunction caused by endotoxin in the rat.
Med Sci Monit 2002; 8: BR1±7.
69. Tanguy S, Boucher F R, Malfroy B, de Leiris J G. Free
radicals in reperfusion-induced arrhythmias: study with
EUK 8, a novel nonprotein catalytic antioxidant. Free Radic
Biol Med 1996; 21: 945±954.
70. Samuni A, Mitchell J B, DeGraff W, Krishna C M, Samuni U,
Russo A. Nitroxide SOD-mimics: modes of action. Free
Radic Res Commun 1991; 1: 187±194.
71. Cuzzocrea S, McDonald M C, Filipe H M, Costantino G,
Mazzon E, Santagati S, Caputi A P, Thiemermann C. Effects
of tempol, a membrane-permeable radical scavenger, in a
rodent model of carrageenan-induced pleurisy. Eur J
Pharmacol 2000; 390: 209±222.
72. Keyer K, Imlay J A. Superoxide accelerates DNA damage by
elevating free-iron levels PNAS 1996; 93: 13635±13640.
73. Hardy M M, Flickinger A G, Riley D P, Weiss R H, Ryan U
S. Superoxide dismutase mimetics inhibit neutrophilmediated human aortic endothelial cell injury in vitro. J Biol
Chem 1994; 269: 18535±18540.
74. Cuzzocrea S, Mazzon E, Dugo L, Caputi A P, Aston K,
Riley D P, Salvemini D. Protective effects of a new stable,
highly active SOD mimetic, M40401 in splanchnic artery
occlusion and reperfusion. Br J Pharmacol 2001; 132:
19±29.
75. Salvemini D, Mazzon E, Dugo L, Serraino I, De Sarro A,
Caputi A P, Cuzzocrea S. M40403, a superoxide dismutase
mimetic, ameliorates joint disease in a rat model of collageninduced arthritis. Arthrit Rheum 2001; 44: 2909±2922.
76. Squadrito G L, Pryor W A. The formation of peroxynitrite in
vivo from nitric oxide and superoxide. Chem Biol Interact
1995; 96: 203±206.
77. Salvemini D, Jensen M P, Riley D P, Misko T P. Therapeutic
manipulations of peroxynitrite. Drug News Perspectives
1988; 11: 204±214.
78. Stern M K, Jensen M P, Kramer K. Peroxynitrite
decomposition catalysts. J Am Chem Soc 1996; 118: 8735.
79. Misko T P, Highkin M K, Veenhuizen A W, et al.
Characterization of the cytoprotective action of peroxynitrite
decomposition catalysts. J Biol Chem 1988; 273:
15646±15653.
80. Beckman J S. Oxidative damage and tyrosine nitration from
peroxynitrite. Chem Res Toxicol 1996; 9: 836±844.
81. Ischiropoulos H, Al-Mehdi A B, Fisher A B. Reactive species
in ischemic rat lung injury: contribution of peroxynitrite. Am
J Physiol 1995; 269: 1158±1164.
82. Salvemini D, Misko T P, Masferrer J L, Seibert K, Currie M
G, Needleman P. NO activates cyclooxygenase enzymes.
Proc Natl Acad Sci USA 1993; 90: 7240±7244.
83. Salvemini D, Marino M H, Seibert K. Activation of the
cyclooxygenase pathway by nitric oxide: new concepts of

84.
85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.
98.

99.

100.
101.
102.
103.

inflammation and therapy. Drug News Perspectives 1996;
204±219.
Inoue S, Kawanishi S. Oxidative DNA damage induced by
simultaneous generation of nitric oxide and superoxide.
Febs Lett 1995; 371: 86±88.
Salgo M G, Bermudez E, Squadrito G, Pryor W. DNA
damage and oxidation of thiols peroxynitrite causes in
rat thymocytes. Arch Biochem Biophys 1995; 322:
500±505.
SzaboÂ C, Dawson V L. Role of poly(ADP-ribose) synthetase
in inflammation and ischaemia-reperfusion. Trends
Pharmacol Sci 1999; 19: 287±298.
Cuzzocrea S, Zingarelli B, Gilard E, Hake P, Salzman A L,
SzaboÂ C. Protective effects of 3-aminobenzamide, an
inhibitor of poly (ADP-ribose) synthase in carrageenaninduced models of local inflammation. Eur J Pharmacol
1998; 342: 67±76.
SzaboÂ C, Lim L H K, Cuzzocrea S, et al. Inhibition of poly
(ADP-ribose) synthetase exerts anti-inflammatory effects
and inhibits neutrophil recruitment. J Exp Med 1997; 186:
1041±1049.
Warren J S, Yabroff K R, Mandel D M, Johnson K J,
Ward P A. Role of Oÿ
2 in neutrophil recruitment into sites of
dermal and pulmonary vasculitis. Free Rad Biol Med 1990;
8: 163±172.
Al-Shabanah O A, Mansour M A, Elmazar M M. Enhanced
generation of leukotriene B4 and superoxide radical from
calcium ionophore (A23187) stimulated human neutrophils
after priming with interferon-alpha. Res Commun Mol
Pathol Pharmacol 1999; 106: 115±128.
Lowe D, Pagel P S, McGough M F, Hettrick D A, Warltier D
C. Comparison of the cardiovascular effects of two novel
superoxide dismutase mimetics, SC-55858 and SC-54417, in
conscious dogs. Eur J Pharmacol 1996; 304: 81±86.
Cuzzocrea S, Riley D P, Caputi A P, Salvemini D.
Antioxidant therapy: a new pharmacological approach in
shock, inflammation, and ischemia/reperfusion injury.
Pharmacol Rev 2001; 53: 135±159.
Cuzzocrea S, Misko T P, Costantino G, Mazzon E,
Micali A, Caputi A P, Macarthur H, Salvemini D. Beneficial
effects of peroxynitrite decomposition catalyst in rat model
of splanchnic artery occlusion and reperfusion. FASEB J
2000; 14: 1061±1072.
Faas M M, Schuiling G A, Valkhof N, Baller J W,
Bakker W W. Superoxide-mediated glomerulopathy in the
endotoxin-treated pregnant rat. Kidney Blood Press Res
1998; 21: 432±437.
Volk T, Gerst J, Faust-Belbe G, Stroehmann A, Kox W J,
1999. Monocyte stimulation by reactive oxygen species:
role of superoxide and intracellular Ca
2 . Inflamm Res.
48, 544±549.
Baeuerle P A, Henkel T. Function and activation of
NF-kappa B in the immune system. Annu Rev Immunol
1994; 12: 141±179.
Barnes P J, Karin M. Nuclear factor-kappa B: a pivotal
transcription factor in chronic inflammatory diseases. N
Engl J Med 1997; 336: 1066±1071.
Comhair S A, Bhathena P R, Dweik R A, Kavuru M,
Erzurum S C. Rapid loss of superoxide dismutase activity
during antigen-induced asthmatic response. Lancet 2000; 19:
355:624.
de Boer J, Meurs H, Flendrig L, Koopal M, Zaagsma J.
Role of NO and superoxide in allergen-induced airway
hyperreactivity after the late asthmatic reaction in
guinea-pigs. Brit J Pharm 2001; 133: 1235±1242.
MacNee W, Rahman I. Is oxidative stress central to the
pathogenesis of chronic obstructive pulmonary disease?
Trends Molec Medicine 2001; 7: 55±62.
Kinnula VL, Crapo JD, Raivio K. Generation and disposal
of reactive oxygen metabolites in the lung. Lab Invest 1995;
73: 3±19.
Salvemini D, Masini E, Pistelli A, Mannaioni P F, Vane J R.
Nitric oxide: a regulatory mediator of mast cell reactivity.
J Cardiovascular Pharmacol 1991; 17: S258±S26.
Mannaioni P F, Masini E, Pistelli A, Salvemini D, Vane J R.
Mast cells as a source of superoxide anions and nitric

Superoxide Dismutase Mimetics
oxide-like factor: relevance to histamine release. Int J Tissue
Reac 1991; 13: 271±278.
104. Rahman I, et al. Systemic oxidative stress in asthma, COPD,
and smokers. Am J Crit Care Med 1996; 154: 1055±1060.
105. Geng J G, Bevilacqua M P, Moore K L, McIntyre T M,
Prescott S M, Kim J M, Bliss G A, Zimmerman G A,
McEver R P. Rapid neutrophil adhesion to activated
endothelium mediated by GMP-140. Nature 1990; 343:
757±760.
106. Fantone J C, Ward P A. Mechanisms of neutrophildependent lung injury. In Handbook of inflammation;

Immunology of Inflammation. Ward P A, ed. Elsevier,
p.p. 89±119.
107. Weiss S J, Peppin G, Ortiz X, Ragsdale C, Test S T.
Oxidative autoactivation of latent collagenase by human
neutrophils. Science 1985 Feb 15; 227(4688): 747±9.

Date received: 13 September 2001.
Date accepted: 26 March 2002.

447

