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Abstract

Generation of reactive oxygen species (ROS) has been implicated in the development of cancer. Groundwork establishing mitochondria as
a critical source of ROS generation and the role of manganese superoxide dismutase (MnSOD) in preventing mitochondria-mediated cell
death have been well established. In a seemingly contradictory role, it also is well documented that increased MnSOD expression suppresses
the carcinogenesis effect of ROS. Our recent studies demonstrated that overexpression of MnSOD reduced tumor incidence in the two-stage
7,12-dimethylbenz(a)-anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate (TPA) skin carcinogenesis model. However, reduction of
MnSOD by heterozygous knockout of the MnSOD gene (Sod 2+/–) did not lead to an increase in tumor incidence. Thus, how modulation of
mitochondrial ROS levels alter the outcome of developing cancer is unclear. This review will provide background information on the sequence
of ROS-mediated events in the mitochondria and evidence that suggests that the antioxidant and tumor suppressor functions of MnSOD are
indeed inter-related. It also will offer insights into the mechanisms by which MnSOD modulates the outcome of early stage skin carcinogen-
esis.
© 2005 Elsevier SAS. All rights reserved.

1. Redox reactions, superoxide, and mitochondria

Redox or reduction–oxidation reactions, which involve the
transfer of electrons or hydrogen atoms from one atom or
molecule to another, are the major source of superoxide pro-
duction from oxygen utilization. Superoxide radicals, the
product of one electron reduction of molecular oxygen, are
produced in mitochondria as a result of the imperfect flow of
electrons through the electron transport chain. At least two
sites in the electron transport chain, Complex I and ubisemi-
quinone, have been identified as primary sources of superox-
ide production in mitochondria [18,4]. Although superoxide
radicals are not considered highly reactive in the hierarchy of
reactive oxygen species (ROS), toxicity from superoxide radi-
cals has been clearly demonstrated by the necessity that they
be removed for survival of aerobic life. This unconventional
relationship between their reactivity and toxicity may, in part,
be due to their strategic location in the mitochondria and their
effectiveness in striking critical targets in the respiratory chain.

Generation of hydroxyl radicals and formation of
8-hydroxy-2-deoxyguanosine (8-OHdG) in mitochondrial

DNA during mitochondrial electron transfer have been dem-
onstrated [18]. Mitochondrial DNA is highly susceptible to
mutation because mitochondrial DNA is not protected by his-
tones. Mutations in any of the genes coding for cytochrome
oxidase, cytochrome bc1, NADH dehydrogenase, or ATPase
complexes may lead to defective function of these enzymes.
Additionally, ROS can directly inactivate mitochondrial
enzymes leading to mitochondrial dysfunction and increased
generation of ROS. It has been demonstrated that iron, sulfur-
cluster (FeS) containing enzymes, which include several key
components of the electron transport chain, are highly sensi-
tive to redox-induced inactivation [13,49]. Thus, mitochon-
dria are particularly prone to free radical-induced changes.
Consequently, protecting against mitochondrial injury by
increasing the mitochondrial antioxidant capability may
reduce oxidative stress in cells.

In addition to an important role in energy production, mito-
chondria also have been shown to play a role in maintaining
cellular redox status by eliminating cytosolic superoxide radi-
cals [17]. Cytosolic superoxide radical scavenging by mito-
chondria is accomplished by a polarized inner mitochondrial
membrane, which is positively charged during respiration.
This phenomenon enhances the spontaneous dismutation of
superoxide, which diffuses into the mitochondrial intermem-
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brane space because of the presence of a localized proton-
rich environment. Here, superoxide radicals are protonated
to form the hydroperoxyl radicals, which can diffuse into
mitochondrial matrices and are dismuted by superoxide dis-
mutase (SOD) in the mitochondria. The net superoxide radi-
cal consumption in the mitochondria creates a gradient for
superoxide radicals, which favors diffusion from the cytoso-
lic to the mitochondrial space. Thus, mitochondria are not
only a major site of energy production and superoxide gen-
eration but are also a source of cytosolic superoxide removal.
Thus, it may not be a coincidence that mitochondria play a
central role in apoptosis.

2. The role of MnSOD in life and death

Among the three SODs, it is the manganese containing
superoxide dismutase (MnSOD) that demonstrates how toxic
superoxide radicals can be in many forms of aerobic life [11].
Inactivation of MnSOD genes in Escherichia coli increases
mutation frequency when grown under aerobic conditions
[11,12]. Elimination of the MnSOD gene in Saccharomyces
cerevisiae increases its sensitivity to oxygen [44]. This was
substantiated by knockout mice lacking each of the three gene
products. Homozygous knockout mice, for the cytosolic cop-
per, zinc superoxide dismutase (CuZnSOD) and extracellu-
lar superoxide dismutase (ECSOD), are healthy unless they
are stressed. The homozygous MnSOD knockout mice, how-
ever, are small at birth and die within 2–3 weeks from dilated
cardiomyopathy and neurodegenerative disease [7,26,27].
Homozygous knockout mice that live longer than seven days
exhibit extensive mitochondrial injury within degenerative
neurons and cardiomyocytes. MnSOD heterozygous knock-
out mice live a normal life span and do well unless they are
stressed [47,45].

In addition to being essential for survival, increased expres-
sion of MnSOD has been shown to protect against numerous
agents and conditions that cause oxidative stress and/or cell
death. Transfection of the MnSOD gene into cultured cervi-
cal carcinoma cells prevented cell death resulting from treat-
ment with tumor necrosis factor [48]. Expression of the
MnSOD gene by transfection with the human MnSOD cDNA
resulted in cells that were resistant to paraquat-induced cyto-
toxicity in a mouse fibroblast cell line (C3H10T1/2) [41].
Stable expression of MnSOD in insulinoma cells prevented
IL-1 beta-induced cytotoxicity and reduced nitric oxide pro-
duction. Overexpression of MnSOD in neuronal cells pro-
tected the neurons from NMDA- and nitric oxide-mediated
toxicity [16]. Apoptosis caused by oxidized low-density lipo-
protein was shown to be MnSOD dependent [24]. Thus,
MnSOD overexpression may also be important for pathologi-
cal conditions where overproduction of cytokines and nitric
oxide is involved. These findings pointed to the versatility of
MnSOD in prevention of injury induced by both ROS and
reactive nitrogen species (RNS).

The fact that increased expression of MnSOD prevents cell
death induced by a broad range of agents may be due to its

unique role in regulating ROS levels in the mitochondria.
Using a direct approach to generate free radicals from mito-
chondria by disrupting mitochondrial respiration with roten-
one or antimycin, we demonstrated that MnSOD protected
fibrosarcoma cells from apoptosis [23]. Cells expressing a
high level of MnSOD were resistant to rotenone or antimycin-
induced apoptosis. In control cells, antimycin caused the acti-
vation of caspase 3 and cleavage of poly-ADP ribose poly-
merase, and these changes were prevented by overexpression
of MnSOD. These results clearly established that prevention
of mitochondrial injury from oxidative stress plays a major
role in blocking mitochondrial-mediated apoptosis.

In addition to its role in preventing apoptosis induced by
intra-mitochondrial radicals, overexpression of MnSOD is
effective in preventing apoptosis initiated by extra-
mitochondrial sources. Using alkaline pH, a condition that
reduces cytosolic proton concentration, we demonstrated that
overexpression of MnSOD protected fibrosarcoma cells
against apoptosis induced by alkaline conditions [29]. Cells
grown under alkaline conditions developed increased levels
of ROS and intracellular calcium and altered mitochondrial
membrane potential. Increased levels of ROS were found both
in cytosol and mitochondria. The level of a highly toxic lipid
peroxidation product, 4-hydroxy-2-nonenal, bound to pro-
tein also increased in control but not in MnSOD-transfected
cells. These results demonstrated a link between oxidative
stress initiated in the cytosol and removal of ROS by mito-
chondria. This finding is consistent with the role of mitochon-
dria as a major site of superoxide production and removal of
cytosolic superoxide. Thus, in addition to its important role
in energy production, mitochondrial respiration plays an
important role in maintaining cellular redox status.

3. MnSOD as a tumor suppressor and redox modulator

Increased expression of MnSOD has been shown to sup-
press cancer phenotypes in a large number of established
human and murine tumors. This particular aspect of MnSOD
will be expertly reviewed in this same issue by Dr. Larry Ober-
ley. Thus, this discussion will focus on the role of MnSOD in
early stages of cancer development. Since expression of
MnSOD is protective against agents that cause apoptosis, it
is unclear how MnSOD may act to suppress carcinogenesis.
As the first step toward investigating the role of MnSOD in
the development of cancer, we used gene transfection ap-
proaches to determine the role of MnSOD in cellular neoplas-
tic transformation. In this study, we transfected the human
MnSOD gene into mouse C3H10T1/2 cells and verified that
the transfected MnSOD was expressed and that the protein
was properly targeted to mitochondria. When these cells were
irradiated with gamma radiation, an agent known to generate
free radicals and cause cellular transformation, the results
demonstrated that expression of human MnSOD in these cells
significantly reduced the frequency of radiation-induced neo-
plastic transformation [42]. This result provided a direct link
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between mitochondrial antioxidants and cellular neoplastic
transformation.

Because tumor formation may result from an increase in
cell growth or a decrease in cell differentiation, we deter-
mined the effect of MnSOD expression on the differentiation
of C3H10T1/2 cells and their SOD-transfected counterparts.
Confluent C3H10T1/2 cells have an epithelioid appearance
but do not normally differentiate. Following treatment with
5-azacytidine (5-AZA), some C3H10T1/2 cells differenti-
ated into muscle cells, fat cells, or chondrocytes. Treatment
with 3 mM 5-azacytidine induced a low frequency of paren-
tal C3H10T1/2 cells to differentiate into myoblasts but
induced extensive differentiation of SOD-transfected cells into
myoblasts [43]. These results suggested that expression of
MnSOD promotes differentiation. A significant implication
of these results was that an elevated level of MnSOD can
create an environment that is permissive for cellular differen-
tiation. It is important to recognize that elevated levels of
MnSOD do not appear to directly cause differentiation, but
rather promote differentiation following exposure to an agent
which signals the cell to differentiate.

We further found that overexpression of MnSOD showed
both anti-apoptotic and differentiation–promotion effects.
Treatment with 10 µM 5-Aza alone induced apoptosis in the
control C3H10T1/2 cell line, while the MnSOD-over-
expressing cell line demonstrated differentiated morphology.
The levels of the myogenic transcription factor, MyoD, and
the muscle specific marker, a-actin, were increased over time
with 5-AzaC treatment in the SOD-overexpressing cell line
[50]. The nuclear transcription factor NFjB was activated in
the MnSOD-overexpressing cell line, while inhibition of
NFjB activation reduced the levels of MyoD and a-actin.
Members of the mitogen-activated protein kinase (MAPK)
pathway and the Raf1/MEK/ERK cascade were also found
to play a positive role in this event. Thus, overexpression of
MnSOD in mitochondria modulated the activation of MAPK
and NFjB pathway, further demonstrating the role of mito-
chondrial antioxidants in the regulation of cell death and cel-
lular redox status leading to activation of signaling pathways
[50]. Since mitochondrial dysfunction may lead to changes
in cellular redox status and, hence, biochemical alterations in
cells, it is possible that the antioxidant and tumor suppres-
sion functions of MnSOD may indeed be inter-related; i.e.
expression of MnSOD suppresses tumorigenesis by control-
ling mitochondrial-mediated oxidative stress which leads to
the biochemical and phenotypic changes observed in tumor
cells.

4. Oxidative stress in the multi-stage mouse skin
carcinogenesis model

The polycyclic aromatic hydrocarbon 7,12-dimethyl-
benz(a)-anthracene (DMBA) can act as a complete carcino-
gen or an initiator of mouse skin carcinogenesis [9,40]. A
single large dose of DMBA is capable of inducing skin tumors

in mice in which papillomas appear after a relatively short
latency period (10–20 weeks), with carcinomas developing
after a much longer period (20–60 weeks). The sequential
application of a subthreshold dose of DMBA, followed by
repetitive treatment with a promoter such as 12-O-tetra-
decanoylphorbol-13-acetate (TPA) or benzoyl peroxide, will
also induce skin tumors [35,39]. In the latter protocol, initia-
tion is achieved by a single treatment of the skin with a chemi-
cal carcinogen. This is considered to result in a population of
initiated cells that remain dormant until treatment with the
promoter stimulates clonal expansion, which leads to the for-
mation of benign well-differentiated papillomas. A portion
of these papillomas will progress to squamous carcinomas
and eventually invasive undifferentiated carcinomas.

Initiators of carcinogenesis have long been associated with
an ability to cause DNA mutation leading to activation of
proto-oncogenes. Members of the ras gene family have been
found to be one of the most frequently detected oncogenes in
human tumors and experimental animals [2,7]. Mutations are
specific for the initiating agent but not the promoting agent
[6]. Most papillomas analyzed in the DMBA-initiated/TPA-
promoted mouse skin tumor model contained a mutation in
codon 61 of the Ha-ras oncogene. In greater than 90% of
these tumors, the activating mutation of the Ha-ras gene was
an A-T transversion and the remainder of the papillomas con-
tained an A-G transition. Using a sensitive PCR amplifica-
tion technique, it has been demonstrated that epidermal cells
with Ha-ras mutation appeared one week after initiation with
DMBA, before the mouse skin was promoted by TPA and
before benign tumors developed [6,8]. Furthermore, trans-
genic mice expressing the ras oncogene developed hyperk-
eratosis and papillomas [1]. Thus, mutation of codon 61 in
the Ha-ras gene is considered to be a critical step in the for-
mation of mouse skin tumors and a marker for the occur-
rence of the initiating event in the DMBA-treated skin car-
cinogenesis model.

It is well established that promotion with TPA produces
oxidants and oxidatively damaged macromolecules [5,6]. On
the other hand, the activity of xanthine oxidase, an enzyme
capable of generating superoxide radicals, was increased in
mice treated with TPA [36,34]. The activity of antioxidant
enzymes, such as SOD and catalase, was decreased in mouse
skin treated with TPA [37,38]. These results indicated that
application of TPA to mouse skin led to an increase in cellu-
lar pro-oxidants and a decrease in antioxidant capability. Inter-
estingly, single or multiple applications of TPA to mouse skin
did not lead to a significant decrease in the level of GSH or
GSH/GSSG ratio. In contrast, the GSH content increased in
papillomas and carcinomas. Thus, the activity of antioxidant
enzymes may play a more prominent role for the regulation
of cancer development than the level of GSH. However, given
the known antioxidant property of GSH, these results could
also suggest that oxidative stress was present but confined to
a specific subcellular compartment such as mitochondria [37].

ROS have been implicated as second messengers in regu-
lating gene expression. It has been shown that oxidative stress
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can modulate the activity of protein kinases, which in turn
phosphorylate a wide range of cellular proteins [15]. The
structure of this group of proteins contains a tandem repeat
of cysteine-rich amino acids in their regulatory domains [33].
These amino acids are the target for oxidation. It is interest-
ing to note that while excessive oxidation inactivates protein
kinase activity, mild oxidation selectively modifies the regu-
latory domain of protein kinases causing persistent activa-
tion of kinases and subsequent phosphorylation of down-
stream targets such as fos and jun [15]. Activation of protein
kinase activity has been widely demonstrated in mouse skin
promoted with TPA [31,46,14]. Since fos and jun form a het-
rodimeric complex that interacts with the DNA regulatory
element known as the AP1 binding site and transcriptional
activation by AP1 is a result of the cooperative action of these
proteins [21], the tumor promoter activity of TPA may in part
be due to its ability to generate mild oxidative stress with
resultant activation of protein kinases leading to increased
phosphorylation of fos and jun proteins.

5. Mitochondria and p53-induced apoptosis

Although it has been called the guardian of the genome,
activation of apoptosis is an important mechanism in p53 tu-
mor suppression [10]. Apoptosis mediated by p53-dependent
transcriptional activation of its target genes has been exten-
sively studied [32]. However, the requirement of transcrip-
tional activation of p53-target genes in apoptosis remains con-
troversial. Studies in which p53 levels were overexpressed to
induce apoptosis in cultured cells demonstrated exceptions
to this requirement. For example, in Hela cells apoptosis
occurred in the absence of Bax translocation to the mitochon-
dria, but ROS were generated, which in turn caused the col-
lapse of the mitochondrial membrane potential [28]. Ectopic
expression of a p53 mutant inactive as a transcription factor
strongly induced apoptosis in HCT116 colon carcinoma cells
[25]. Deliberate targeting of ectopic p53 to mitochondria via
fusion with the mitochondrial import leader peptide bypassed
the nucleus and was sufficient to induce apoptosis in three
different p53-deficient tumor cell lines [30]. P53 may induce
apoptosis by forming complexes with mitochondrial proapo-
ptotic proteins such as p53AIP1 [12], Bcl-2/Bcl-xL [20], and
translocation of p53 to mitochondria requires Bax, a product
of p53 transcription. These data suggested that p53 may medi-
ate apoptosis by mechanisms that are both dependent and
independent of its transcription activity, thereby amplifying
its apoptosis potency.

Mutation in the p53 tumor suppressor gene has been found
frequently in many types of cancer, including skin carcino-
mas [19,20]. High levels of p53 gene mutations and immu-
noprecipitable mutated p53 protein have been reported in the
UV-radiation mouse skin carcinogenesis model [3]. How-
ever, loss of heterozygosity on chromosome 11, where the
mouse p53 gene is located, was not detected in papillomas
resulting from the DMBA/TPA skin carcinogenesis model,

suggesting that the p53 mutation is not associated with ini-
tiation or promotion but rather is associated with malignant
progression. Direct support for this hypothesis is the finding
that reduction of the p53 gene in p53 knockout mice did not
increase initiation or promotion but enhanced malignant pro-
gression of cancer in the multi-stage skin carcinogenesis
model [22]. In this model, the number, size, and growth rate
of benign papillomas were not increased in the p53 heterozy-
gous knockout mice in comparison with the wild-type mice.
Furthermore, the p53 null mice showed a reduced yield of
papillomas with increasing rate of malignant progression [22].
Thus, the role of p53 in early stages of skin carcinogenesis is
unclear.

6. Mechanisms of tumor suppression by MnSOD

To determine how expression of MnSOD may suppress
the development of cancer, we employed the well-established
skin carcinogenesis model consisting of sequential applica-
tion of a sub-threshold dose of the mutagenic chemical ini-
tiator DMBA, followed by repetitive treatments with the tumor
promoter TPA using MnSOD-overexpressing and MnSOD-
deficient mice. In a MnSOD-overexpressing mice model, 78%
of non-transgenic mice developed papillomas, averaging
2.1 papillomas per mouse, while 50% of MnSOD-over-
expressing mice developed papillomas, averaging 0.75 pap-
illomas per mouse after 14 weeks of TPA treatment, follow-
ing a single application of DMBA [51]. Expression of
MnSOD modulated tumor formation by inhibition of AP-
1 signaling, consistent with the reduction of tumors in
MnSOD-overexpressing mice. Interestingly, in a MnSOD-
deficient mouse model, there was no difference in the inci-
dence and frequency of papillomas when comparing the
MnSOD-deficient mice with their wild type littermates [52].
The numbers of proliferating cells in DMBA/TPA-treated
mouse skin were higher in the MnSOD-deficient mice. How-
ever, histological examination also demonstrated a concur-
rent increase in the number of apoptotic cells in the MnSOD-
deficient mice after DMBA/TPA treatment. Additionally,
MnSOD deficiency enhanced TPA-induced oxidative stress
markers, AP-1 and p53 levels, consistent with the increase in
both proliferation and apoptosis events observed histologi-
cally. These results suggested that increased apoptosis may
negate increased proliferation in the MnSOD-deficient mice
during an early stage of tumor development. Based upon the
kinetics of cell death and proliferation, we performed a timed
administration of a catalytic antioxidant (MnTE-2-PyP5+) in
order to inhibit proliferation without interfering with apopto-
sis in the MnSOD-deficient mice. These results indicated that
application of a catalytic antioxidant prior to apoptosis sup-
pressed cell death and cell proliferation, results consistent with
those obtained in MnSOD-overexpressing mice. Application
of the catalytic antioxidant after apoptosis did not interfere
with the apoptosis process but significantly reduced cell pro-
liferation and the incidence of papillomas. These results dem-
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onstrated a proof-of-principle for a mechanistic-based model
for modulation of cancer development by SOD.

In summary, accumulating data have suggested that
MnSOD constitutes one of the major cellular defense mecha-
nisms against the toxic effects of agents that cause oxidative
stress and that MnSOD functions as a tumor suppressor gene
in several experimental systems. The antioxidant and anti-
apoptosis effect of MnSOD is linked to its strategic location
in mitochondria. Using the well-established multi-stage skin
carcinogenesis model, we have demonstrated that overexpres-
sion of MnSOD reduced tumor incidence and multiplicity.
However, reduction of MnSOD by heterozygous knockout in
the MnSOD gene mice did not lead to an increase in tumor
incidence, because a reduction of MnSOD contributed to
increased levels of both cell proliferation and apoptosis.Appli-
cation of a catalytic antioxidant at the window between apo-
ptosis and proliferation significantly reduced the incidence
and multiplicity of papillomas. Thus, an antioxidant approach
that suppressed cell proliferation without interfering with apo-
ptosis resulted in suppression of tumor development.
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