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Manganese superoxide dismutase (MnSOD) is essen-
tial for life as dramatically illustrated by the neonatal
lethality of mice that are deficient in MnSOD. In addi-
tion, mice expressing only 50% of the normal compli-
ment of MnSOD demonstrate increased susceptibility
to oxidative stress and severe mitochondrial dysfunc-
tion resulting from elevation of reactive oxygen spe-
cies. Thus, it is important to know the status of both
MnSOD protein levels and activity in order to assess
its role as an important regulator of cell biology.

Numerous studies have shown that MnSOD can be
induced to protect against pro-oxidant insults result-
ing from cytokine treatment, ultraviolet light, irradia-
tion, certain tumors, amyotrophic lateral sclerosis, and
ischemia/reperfusion. In addition, overexpression of
MnSOD has been shown to protect against pro-apop-
totic stimuli as well as ischemic damage. Conversely,
several studies have reported declines in MnSOD
activity during diseases including cancer, aging, prog-
eria, asthma, and transplant rejection. The precise bio-
chemical /molecular mechanisms involved with this
loss in activity are not well understood. Certainly,
MnSOD gene expression or other defects could play a
role in such inactivation. However, based on recent
findings regarding the susceptibility of MnSOD to oxi-
dative inactivation, it is equally likely that post-trans-
lational modification of MnSOD may account for the
loss of activity. Our laboratory has recently demon-
strated that MnSOD is tyrosine nitrated and inacti-
vated during human kidney allograft rejection and
human pancreatic ductal adenocarcinoma. We have
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determined that peroxynitrite (ONOO") is the only
known biological oxidant competent to inactivate
enzymatic activity, to nitrate critical tyrosine residues,
and to induce dityrosine formation in MnSOD. Tyro-
sine nitration and inactivation of MnSOD would lead
to increased levels of superoxide and concomitant
increases in ONOQO™ within the mitochondria which,
could lead to tyrosine nitration/ oxidation of key mito-
chondrial proteins and ultimately mitochondrial dys-
function and cell death. This article assesses the
important role of MnSOD activity in various patho-
logical states in light of this potentially lethal positive
feedback cycle involving oxidative inactivation.

Keywords: MnSOD, tyrosine nitration, mitochondria, perox-
ynitrite, ~disease, activity, nitric oxide, transplant,
ischemia/reperfusion, apoptosis, and cancer

Abbreviations:(MnSOD), Manganese superoxide dismutase;
(ONOQ), peroxynitrite; (NO), nitric oxide; (O,7), superox-
ide; (ROS), reactive oxygen species; (I/R), ischemia/reper-
fusion

BIOLOGICAL IMPORTANCE OF MNSOD

MnSOD (also referred to as SOD2) is the major
antioxidant in the mitochondria. Its primary
function is to catalyze the dismutation of super-

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/22/11

For personal use only.

326 LEE ANN MACMILLAN-CROW ez al.

oxide (O,7) which is continually generated via
misfires in the electron transport chain as well as
other sources. MnSOD is a nuclear encoded pro-
tein that is transported into the mitochondria via
an amino-terminal targeting sequence and sub-
sequently cleaved to form its native homotetra-
meric structure of 96 kDa. Recent studies with
MnSOD knockout mice provide unequivocal
evidence that MnSOD is essential for life--a find-
ing that presumably extends to humans as well
(see “KnockOut” section below). This is not the
case for the other two superoxide dismutase
family members—-the cytosolic Cu, Zn SOD
(SOD1) or the extracellular (EC) SOD (SOD3)- in
which no lethality is observed following gene
deletion [1,2].

MNSOD KNOCKOUT STUDIES

The essential nature of MnSOD was demon-
strated by the seminal discovery by Li et al. [3]
and Lebovitz et al. [4] that deletion mutation of
the MnSOD gene in mice resulted in death
within 5-21 days of birth. The neonatal mice
exhibit several pathological features including:
myocardial injury, neurodegeneration, lipid per-
oxidation, fatty liver, anemia, and severe mito-
chondrial damage depending on what strain
background the mutant gene was expressed.
Specifically, the individual respiratory chain
enzymes of these animals were significantly
affected. Complex I of heart mitochondria
appeared to be deficient and histochemical stain-
ing indicates a significant decrease in succinate
dehydrogenase activity. There was also a
marked deficiency in complex II activity as seen
in frozen heart and skeletal muscle [3]. These
deficiencies were attributed to the increased
reactive oxygen species (ROS) produced within
the mitochondria, which have been shown to
lead to inactivation of such Fe-S cluster contain-
ing enzymes [5]. It is well-established that mito-
chondria are a major source of ROS and that
MnSOD functions to preserve mitochondrial

integrity by scavenging O,” and preventing
amplification of ROS production [6,7,8].

MnSOD (-/+) heterozygous knockout mice
(expressing 50% of the normal compliment of
MnSOD) appear to develop normally and fail to
show any overt phenotypic change compared to
wild-type animals [3,4]. However, recent studies
have demonstrated that mitochondria from
MnSOD (-/+) knockout mice do show oxidative
damage and alterations in mitochondrial func-
tion [9]. Interestingly, studies utilizing the
MnSOD (-/+) mice have demonstrated
decreases in activities of other antioxidants
including glutathione, as well as NADH oxi-
doreductase, and aconitase. In many studies,
these deficiencies have been shown to correlate
with an increase in oxidative damage within the
mitochondria. Consistent with this, these ani-
mals have significantly lower respiratory control
ratios. Thus, it became clear that any condition
that led to loss of MnSOD activity (even only a
50% reduction) in mitochondria would have
serious, and potentially lethal consequences.

DISEASES DEMONSTRATING ALTERED
MNSOD PROTEIN AND/OR ACTIVITY

The purpose of this review is to better under-
stand the role that MnSOD activity has in dis-
ease situations with specific emphasis on
transplantation, ischemia/ reperfusion (I/R), and
cancer. In addition, the review will focus on
changes to MnSOD protein levels and/or activ-
ity, and not to altered MnSOD gene expression
[10,11,12]. Clearly, cytokines including tumor
necrosis factor alpha (TNFa), interferon gamma
(INFy), lipopolysachride (LPS), and interlukin-1
(IL-1) have been shown to induce MnSOD
expression [13,14,15,16,17]. The molecular mech-
anisms involved with MnSOD induction by
these agents are complex, cell type specific, and
largely unknown [16,18]. One should exercise
caution when interpreting experiments that only
demonstrate MnSOD mRNA induction: every
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attempt should be made to correlate the
observed effects with actual MnSOD protein and
activity levels. We will offer specific examples
that illustrate the need for protein and activity
determinations in numerous disease situations
along with speculations regarding the conse-
quence of such changes.

Organ Transplantation

Shortly after the reports involving the MnSOD
knockout animals, our laboratory demonstrated
that MnSOD was tyrosine nitrated and inacti-
vated during human chronic renal allograft
rejection [19]. MnSOD was the first endog-
enously nitrated protein to be unambiguously
identified {19]. Tyrosine nitrated MnSOD was
identified by immunoprecipitating nitrated pro-
teins in a rejected human kidney homogenate
followed by microsequencing [19]. We had no
preconceived notions that MnSOD would be a
primary nitration target and were as surprised
as anyone at its discovery. Despite an elevation
in overall MnSOD protein levels in rejecting
renal extracts, specific activity of MnSOD was
dramatically reduced in rejecting renal extracts
compared to non-rejecting renal extracts. Tyro-
sine nitration and inactivation of MnSOD would
lead to increased levels of O™ and concomitant
increases in ONOO™ within the mitochondria
which, could lead to tyrosine nitration/oxida-
tion of key mitochondrial proteins and ulti-
mately mitochondrial dysfunction and cell death
{Schematic 1). In any regard, this study demon-
strated that MnSOD protein was susceptible to
endogenous post-translational tyrosyl modifica-
tion under pathologic conditions.

A more recent study evaluated heart trans-
plant recipients up to six years following trans-
plant for alterations in the antioxidant enzymes
MnSOD, Cu,Zn SOD, and glutathione peroxi-
dase (GPx) [20]. During the first year, there were
no significant changes in antioxidant enzyme
activity. However, between 1 and 6 years
post-transplant, the activities of GPx and Cu,Zn

SOD were increased significantly, while MnSOD
activity showed a small but significant decrease.
The authors concluded that early (less than one
year) post-transplant recipients do not incur
“oxidative stress”. However, after one year,
there appears to be abundant oxidative stress,
which appears to remain years after transplanta-
tion.

Ischemia/Reperfusion Injury

Ischemia/reperfusion (I/R) is one of the earliest
forms of injury following most surgical proce-
dures including organ transplantation. Excessive
ROS production occurs during I/R [21,22,23,24]
and overwhelms endogenous antioxidants lead-
ing to increased cellular injury. Mitochondria are
extremely sensitive to I/R injury leading to
changes in oxidative phosphorylation, ATP
depletion, a rise in intracellular calcium, mito-
chondrial swelling, and loss of respiratory com-
plex activity [25,26,27,7].

Recently, Dobashi et al. examined the role of
several antioxidant enzymes (catalase, GPX,
Cu,Zn SOD, and MnSOD) following I/R injury
using an in vivo rat kidney model [28]. I/R injury
was induced by clamping the left renal vessels
for 30, 60 or 90 minutes, followed by reperfusion
for either 2 or 24 hours. During the I/R time
course, 60 or 90 minutes of ischemia alone
decreased the activities of all the antioxi-
dants--an effect that was amplified following 2
or 24 hours of reperfusion. Interestingly, 60 or 90
minutes of ischemia followed by 24 hours of
reperfusion helped to normalize MnSOD activity
to control levels. These corresponding functional
effects were correlated with both mRNA and
protein levels of the antioxidants, such that the
observed recovery of MnSOD activity following
24 hours of reperfusion was found to be due to
elevation of MnSOD mRNA and protein levels.
Preliminary studies in our laboratory using a
similar in vivo rat kidney I/R model suggest that
MnSOD is tyrosine nitrated during I/R injury.
More specifically, tyrosine nitrated MnSOD is
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SCHEMATIC 1 Model illustrating cytotoxicity following ONOO™-mediated inactivation of MnSOD. Inactivation of MnSOD ini-
tiates a viscous positive feedback loop generating excess ONOO™ within the mitochondria, leading to further nitration/oxida-
tion of other mitochondrial/ cellular proteins including cytochrome ¢, ¢-Src kinase, creatine kinase, aconitase, and induction of

the mitochondrial permeability transition (MPT)

observed following 30 minutes of ischemia
alone, as well as ischemia combined with 1, 3, or
6 hours reperfusion, but not after 16 hours of
reperfusion (MacMillan-Crow, unpublished
observations, 2000). These data are consistent
with increased ROS-mediated injury during I/R.

Because MnSOD activity has been shown to
decline during I/R injury [27,28], numerous
studies have been designed to up-regulate
MnSOD activity and determine the extent of pro-
tection from I/R injury. One such study exam-
ined the effects of I/R damage on hearts (in vitro
using a Langendorff preparation and in vivo
using a left coronary artery ligation model) of
transgenic mice overexpressing MnSOD [24]. In

vitro, hearts from MnSOD overexpressing trans-
genic animals had a significantly better func-
tional recovery than non-transgenic hearts.
Furthermore, in vivo, the infarct size in hearts
from transgenic animals was 35% less compared
to non-transgenic animals. In addition to pro-
tecting against I/R, MnSOD overexpression
serves to decrease steady-state O,” levels
thereby preventing the formation of other ROS
such as ONOO". Another elegant study using
transgenic mice overexpressing MnSOD demon-
strated that elevated MnSOD reduced mem-
brane lipid peroxidation and tyrosine nitration
following cerebral ischemia [21].
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Role of MnSOD in Apoptosis

MnSOD can protect against pro-apoptotic events
following either addition of agents leading to an
induction of MnSOD protein or creating cell
lines that overexpress MnSOD
[21,29,30,31,32,33]. Overexpression of MnSOD in
neuronal cells prevented apoptosis induced by
excess iron, amyloid B-peptide, and nitric oxide
donors [21]. All of these agents resulted in
increased nitration of proteins, membrane lipid
peroxidation and mitochondrial damage, which
were largely prevented by overexpression of
MnSOD. This study supports the notion that ele-
vation of O,.” and subsequent ONOO™ was
involved with neuronal apoptosis in this system.
Bruce-Keller et al., utilized neurons (with and
without pretreatment with TNFa) or genetically
engineered pheochromocytoma cells (PC6) that
overexpressed MnSOD and exposed the cells to
the fungal toxin 3-nitropropinic acid (3-NP).
3-NP has been shown to inhibit mitochondrial
complex II activity resulting in decreased mito-
chondrial function, ATP synthesis, and cell
death and is thought to mimic the deficits
observed in Huntington's disease [30,34]. This
study showed that either TNF-mediated induc-
tion of MnSOD activity in neurons or overex-
pression of MnSOD in a neuronal cell line was
able to prevent 3-NP-induced neuronal apopto-
sis. Moreover, increased MnSOD activity pre-
vented: 1) the decrease in mitochondrial
membrane potential 2) the decline in ATP levels
3) the increase in calcium release, and 4) cas-
pase-3 activation.

TNFa signaling pathways have been shown to
result in activation of caspase-3 and apoptosis as
well as activation of c-jun kinase (JNK), MAP
kinase kinase (MEK), activated protein 1 (AP-1),
and nuclear transcription factor (NF-xf) [35].
Overexpression of MnSOD has been shown to
prevent the TNFo. mediated activation of the
above processes as well as TNFo-independent
mechanisms leading to apoptosis [36]. Another
study demonstrated that overexpression of

MnSOD in cells could protect against apoptosis
elicited by ROS produced from within the mito-
chondria [37]. ROS were generated by treating
cells with respiratory chain inhibitors (antimycin
or rotenone), an event that caused cellular apop-
tosis via a caspase-3 and poly (ADP-ribose)
polymerase mediated pathway.

MnSOD in Cancer

The role of MnSOD in cancer remains controver-
sial. Many investigators have reported that
tumor cells/tissues contain decreased MnSOD
activity [38] whereas recent reports describe an
increase of MnSOD protein in tumor cell lines
[41,42] and tissue [43]. However, there are few
published reports that actually measured
MnSOD protein and activity in tumor tissue
[39,40]. The failure to measure activity could
account for some of these discrepancies. Studies
that measure only MnSOD protein via immuno-
histochemical or ELISA techniques provide little
insight into the status of MnSOD activity, and
assessment of tumor tissue versus tumor cell
lines are likely to produce variable results. One
suggestion when comparing MnSOD pro-
tein/activity levels within tumor cell lines,
would be to obtain a true normal cell line or nor-
mal tissue for accurate determination. Others
suggest that defects in MnSOD gene expression
[44], specifically mutations in the DNA sequence
of the promoter region, could account for the
lowered MnSOD protein levels in tumor cells
[45].

In any case, tumors that possess very low
MnSOD activity are particularly intriguing in
light of recent studies that indicate that MnSOD
is essential for survival of normal cells. Numer-
ous studies have shown that restoration of
MnSOD activity in transformed cancer cells (via
transfection of MnSOD c¢DNA) results in a slow-
ing of tumor growth in nude mice as well as
alteration of the transformed phenotype of can-
cer cells [46,47,48,49,50,51,52,53]. Again, the bio-
chemical mechanism for this alteration is
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unclear. Thus, the paradox exists such that in
normal cells a deficiency in MnSOD causes cell
death, while tumor cells thrive in the face of a
similar deficiency.

We have recently shown that nitrotyrosine
levels are dramatically elevated during human
pancreatic cancer [54] and that MnSOD is tyro-
sine nitrated and inactivated in these tissues [55].
When compared to control human pancreas
(donor tissue deemed not suitable for transplan-
tation), the protein level was not altered, but the
activity of MnSOD was decreased. This could
provide one explanation for the lowered activity
of MnSOD in tumor tissue. Another hypothesis
for this paradox could be that tyrosine nitration
of MnSOD could either induce the protein to be
translocated out of the mitochondria during neo-
plasia or alter its ability to be imported into the
mitochondria (Schematic 1). This phenomenon
may explain previous reports demonstrating ele-
vated plasma MnSOD levels from cancer
patients compared to non-cancerous patients
[56]. How this mitochondrial matrix protein
finds its way into the serum is unclear and it
would be quite interesting to determine whether
the serum localized MnSOD were active and/or

‘tyrosine nitrated.

Irradiation of tumors is thought to kill tumor
cells by increasing ROS. Overexpression of
MnSOD but not Cu,Zn SOD or EC SOD protects
cells against radiation-induced cytotoxicity and
conversely, overexpression of antisense MnSOD
RNA increases cytotoxicity. Transfection of cells
with MnSOD lacking the mitochondrial target-
ing sequence does not provide protection against
radiation, indicating that localization of MnSOD
into the mitochondria is essential. Consistent
with this interpretation, insertion of the mito-
chondrial signal sequence into Cu,Zn SOD or EC
SOD results in significant protection. These
results strongly suggest that mitochondrial pro-
duction of ROS results in radiation induced cell
death and that increased dismutase activity
within the mitochondria can protect against
radiation induced cytotoxicity [57].

Other Diseases

Many other diseases have been reported to pos-
sess decreased MnSOD activity. For example,
MnSOD activity appears to decline with
increased age in certain areas of the mouse brain
[38]. In addition, MnSOD protein levels are
decreased in progeria skin fibroblasts [59]. Both
of these reports suggest that the aging process
may be related to loss of antioxidant protection
including MnSOD function. It has also been
shown that overexpression of the human immu-
nodeficiency virus type 1 regulatory protein Tat,
leads to a reduction in MnSOD expression and
activity [60]. Furthermore, 3’-Azido-2’,3"-dideox-
ythymidine (AZT, zidovudine) treatment of Tat
transgenic mice induces a decline in MnSOD
activity, which could account for some of the
toxicity observed following AZT treatment [61].
MnSOD activity from neutrophils isolated from
human asthmatics was reduced when compared
to normal neutrophils [62].

On the other hand, numerous diseases have
been reported to show an increase in MnSOD
mRNA and protein levels (many don't report on
enzyme activity). Influenza virus infection of
human airway epithelial cells has been shown to
induce MnSOD expression [14], while treatment
of mice infected with influenza virus with
recombinant MnSOD alleviated pulmonary tox-
icity following infection [63]. Again these appar-
ent contradictions in outcome could be
reconciled related to discrepant measurements
of MnSOD mRNA, protein, and activity in cell
culture versus animals.

The fatal neurodegenerative disease, familial
amyotrophic lateral sclerosis (ALS), has been
associated with several, single amino acid muta-
tions in Cu,Zn SOD. Despite the obvious role of
Cu,Zn SOD, reports have shown increased
MnSOD protein [64,65] and activity [66] in ALS
patient samples. Another report indicated poten-
tial gene defects of MnSOD in sporadic ALS
patients [67]. Clearly, the disease is associated
with oxidative damage as well as mitochondrial
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dysfunction and exciting new reports using ALS
transgenic mice indicate that lowered MnSOD
activity greatly exacerbates the disease process
[68]. Likewise, MnSOD activity appears to play an
important role in 1-Methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP) neurotoxicity (a model
of Parkinson's Disease). Specifically, MPTP treat-
ment of mice resulted in severe neurotoxicity
including elevation of tyrosine nitration; how-
ever, MPTP treatment in MnSOD overexpressing
mice produced significantly less neurotoxicity
and tyrosine nitration [69].

MECHANISM OF ONOO-MEDIATED
INACTIVATION OF MNSOD

Virtually any protein containing one or more
tyrosyl residues can be nitrated in vitro upon
addition of a nitrating agent. However, the mere
ability for a protein to be nitrated in vitro does
not indicate that the protein is a likely target of
endogenous nitration. Furthermore, it is impor-
tant to determine whether tyrosine nitration of a
protein alters its biologic function. Much atten-
tion and debate has been devoted to determining
the precise reactive nitrogen species responsible
for protein tyrosine nitration (not the focus of
this review). Further identification of the specific
targets of endogenous nitration are essential to
provide clues to the pathological mechanisms.
Our earlier studies suggested that not only
was MnSOD inactivated and tyrosine nitrated
but also appeared to form non-reducible, cova-
lently bound higher molecular mass structures
during chronic rejection of human renal allo-
grafts [19]. Therefore, further studies were
designed to determine the biochemical mecha-
nism involved with MnSOD nitration and inacti-
vation. Initially, treatment of recombinant
human MnSOD with different reactive oxy-
gen/nitrogen species including (ONOO", NO,

hypochlorous acid (HOCI) plus nitrite, and
hydrogen peroxide) followed by activity meas-
urements revealed that only ONOO™ and HOCl
resulted in inhibition of dismutase activity [70].
Both of these strong oxidants have been shown
to modify tyrosine residues through formation
of dityrosine (3,3'-dityrosine), a stable covalent
modification resulting from reaction of two
tyrosyl radicals, leaving a product with a fluo-
rescent emission distinct from tyrosine itself.
ONOO' totally inhibited MnSOD activity and
produced both dityrosine and nitrotyrosine,
while HOCI only produced dityrosine and
resulted in a ~50% reduction in activity [70].
Thus, partial activity loss can be attributed to
nitration of tyrosine residues and to dityrosine
formation with the two modifications being
additive. In addition, dityrosine formation in
MnSOD could account for the higher molecular
weight structures observed in vivo and in vitro.
These studies provided additional evidence that
ONOO" was the likely culprit leading to nitra-
tion and inactivation of MnSOD in vivo [70].

We also identified the specific tyrosine resi-
dues that were nitrated in vitro following
ONOO" exposure as residues 34, 45, and 193,
with the active site tyrosine (Y34) being the most
susceptible to nitration [71]. However, a recent
study with a site-directed mutant of MnSOD
revealed that nitration of the active site tyrosyl
residue was not required for inactivation. We
found that replacement of Y34 with phenyla-
lanine (Y34F) yielded an enzymatically active
protein that could still be nitrated and inacti-
vated by ONOO’, suggesting that nitration
and/or oxidation of other tyrosines was equally
important [72]. Collectively, these results sug-
gest that complete inactivation of MnSOD by
ONOO" can occur independent of the active site
tyrosine residue and includes not only nitration
of critical tyrosine residues but also tyrosine oxi-
dation and subsequent formation of dityrosine.
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MnSOD
Activity

PHYSIOLOGY

Tyrosine nitrated and/or
oxidized enzyme.

PATHOLOGY

SCHEMATIC 2 Model depicting the balance between MnSOD activity and pathology. Oxidatively modified MnSOD including
tyrosine nitration and/or oxidation remain as plausible mechanisms leading to lowered MnSOD activity during pathology.
Lowered MnSOD activity may signal a compensatory positive feedback mechanism leading to elevated expression of MnSOD

and possible reversion to a physiologic situation

CONCLUSION: IMPORTANCE OF ACTIVE
MNSOD IN MITOCHONDRIA

MnSOD is structurally very different from
Cu,Zn 50D and, unlike Cu,Zn SOD, appears to
be essential for life. MnSOD (-/+) heterozygous
knockout mice develop normally and fail to
show any overt phenotypic change [4,3], how-
ever mitochondria from these mice do show oxi-
dative damage and alterations in mitochondrial
function [9,73,74]. By extension, our findings
that MnSOD is tyrosine nitrated and inactivated
during chronic renal allograft rejection and pan-
creatic cancer suggest that loss of MnSOD activ-
ity (even a 50% loss) could be fundamentally
related to the cellular pathology seen in these
diseases. Therefore, a delicate balance exists in
that physiologic situations appear to maintain a
normal or elevated MnSOD activity, while dur-

ing many pathologic situations a decrease in
MnSOD activity prevails (Schematic 2). An event
resulting in decreased MnSOD activity could
signal a compensatory feedback mechanism
leading to elevated MnSOD activity and possibly
reversion to a physiologic state. In any regard,
oxidatively modified MnSOD including tyrosine
nitration and/or oxidation remain as plausible
mechanisms leading to lowered MnSOD activity
during pathology.

From an evolutionary standpoint, comparison
of human MnSOD to human Cu,Zn SOD is
intriguing. Human Cu,Zn SOD contains no tyro-
sine residues and to date appears to be very
resistant to reasonable levels of reactive oxygen
species, while human MnSOD contains 9 tyro-
sine residues, some of which can be nitrated and
oxidized by low micromolar concentrations of
ONOQO:'. It is intriguing to question why the dis-
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mutase shown to be more critical for cell sur-
vival is more susceptible to inactivation? It is
reasonable to speculate that oxidatively modi-
fied MnSOD plays an additional role, possibly
involving apoptotic pathways. Irrespective of
any additional roles, it must be emphasized that
MnSOD is needed to ensure survival of normal
cells and is simultaneously susceptible to oxida-
tive inactivation. Thus, changes in MnSOD activ-
ity need not depend on rates of de novo protein
synthesis or degradation and can occur very
quickly under pathological conditions. Even
though the precise series of subsequent biochem-
ical events remain to be elucidated, it is clear that
loss of MnSOD activity could have catastrophic
consequences for the mitochondria, the cell, and
ultimately, the entire organism.
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