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Reactive oxygen species (ROS) are a consequence of living in an oxygen-rich atmosphere and
are byproducts of oxygen metabolism.1 ROS can be generated from both endogenous and
exogenous sources such as mitochondria2 and ionizing radiation,3 respectively. ROS include
superoxide (O2•−) and hydrogen peroxide (H2O2) and are important for the execution of many
normal cellular processes, including cell growth and differentiation, adhesion, immune
responses and apoptosis. Low levels of ROS are essential for carrying out these cellular
functions. However, over-production of ROS and generation of additional highly reactive ROS,
such as hydroxyl (•OH) radicals, numerous diseases, including arthritis, various neurological
disorders and cancer.4

ROS resulting from ionizing radiation are formed from either direct interactions with cellular
targets or radiolysis of water, leading to DNA damage and eventually cell death.3 The effects
of ionizing radiation on cells make it a powerful tool for treating cancer. Nevertheless, the
exposure of normal tissues to ionizing radiation can have deleterious consequences days,
months and even years after exposure due to chronic oxidative stress,4 increasing the risk of
cancer development.3

The cell is equipped with a variety of enzyme systems to detoxify ROS.4 Superoxide dismutases
(SODs), primary ROS detoxification enzymes in the cell, catalyze the dismutation of
superoxide radicals to molecular oxygen and hydrogen peroxide.5,6 The SOD family of
enzymes is made up of three structurally unrelated proteins encoded by different genes.4
Copper- and zinc-containing SOD (CuZnSOD, SOD1) is a homodimeric enzyme found
primarily in the cytoplasm (with small amounts within the mitochondria).4 Extracellular SOD
(ECSOD, SOD3) shares 40–60% homology with CuZnSOD but resides in the extracellular
compartment of the cell.7 Manganese-containing SOD (MnSOD, SOD2) is a homotetramer
found exclusively in the mitochondrial matrix.8

MnSOD is the only SOD indispensable to aerobic life and is not compensated by the presence
of CuZnSOD. The importance of MnSOD is due to its strategic location in the mitochondrial
matrix, as both ROS generation via respiration and ROS removal by respiration occur into the
mitochondria. Increased expression of MnSOD protects E. coli B cells from hyperbaric
concentrations of oxygen (20 atm) and confers resistance to streptonigrin (a superoxide-
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generating antibiotic).9 Similar results have been observed for the yeast strain Saccharomyces
cerevisiae var. ellipsoideus.10 Deletion of the gene responsible for MnSOD production or
expression of inactive mutants causes early death in both mouse11 and Drosophila12 models
due to reduced mitochondrial activity, resulting in both neurological and cardiac abnormalities
that lead to a diminished lifespan.13,14 Heterozygous MnSOD knockout mice have roughly a
50% reduction in MnSOD enzyme activity. This decrease in MnSOD activity does not affect
the lifespan of these animals but results instead in an age-dependent increase in oxidative
damage to both mitochondrial and nuclear DNA.15

The role of MnSOD in preventing cancer development has been documented. A seminal review
by Oberley and Buettner16 identified reduced MnSOD expression in many types of cancer.
Heterozygous MnSOD knock-out mice have a 100% increased risk of developing cancer
compared to wild-type controls.15 Overexpression of MnSOD in cancer cells results in a more
differentiated morphology, a reduced growth rate, and decreased tumorigenicity in a variety
of in vitro and in vivo models. MnSOD affects cancer cell growth by altering the levels of
ROS17 in these models and modulating the activity of transcription factors involved in both
proliferation18,14 and apoptosis.19 Increased expression of MnSOD protects normal tissues
and immortalized cells against neoplastic transformation by chemical carcinogens that generate
ROS20 and ionizing radiation.21

The current study by Du et al. in this issue of Cancer Biology & Therapy further confirms and
expands on the importance of MnSOD as a tumor-suppressing enzyme in response to ionizing
radiation. Mouse embryonic fibroblasts (MEFs) expressing wild-type MnSOD (SOD2+/+), or
heterozygous (SOD2+/−) or homozygous (SOD2−/−) MEF knockouts, were irradiated with
equitoxic doses (10% survival) of ionizing radiation. SOD2−/− MEFS produced significantly
higher ROS levels 72 hr post-irradiation, had more micronuclei (a marker of DNA damage),
exited from the G2 phase of the cell cycle more rapidly, and demonstrated greater
transformation efficiency compared to wild-type controls. These results suggest that
mitochondria-generated ROS induced after irradiation are important for the late response of
cells to ionizing radiation and the neoplastic transformation of these cells. This study, while
lacking experimental evidence revealing the mechanisms of MnSOD-mediated protection from
the late effects of ionizing radiation, demonstrates the importance of MnSOD in attenuating
the effects of ionizing radiation on the transformation of normal cells long after the exposure
to radiation (Fig. 01). Du et al.’s findings imply that mitochondrial ROS are a key component
of the general signaling pathways that detect cellular damage and translate them into biological
responses. It also provides an important framework for future studies assessing the mechanisms
of MnSOD-mediated protection against the late effects of ionizing radiation, which may
eventually lead to improved methodologies for cancer radio-therapy that diminish the harmful
effects of ionizing radiation on normal tissues long after the radiation exposure.
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Figure 1.
A model depicting how MnSOD acts to prevent neoplastic transformation.
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