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SOD2 deficiency promotes aging phenotypes in mouse skin
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Reactive oxygen species (ROS) are essential for
survival but also pose serious risks to that survival. A
particularly striking example was the demonstration in
2003 by the Campisi group that primary mouse
fibroblasts have an indefinite proliferative lifespan in
3% oxygen, the amount found in the capillaries feeding
the tissues, but greatly shortened ones under normal in
vitro culturing conditions, i. e., 20% oxygen [1]. Now,
the same group has generated some insights into how
oxidative stress contributes to cellular senescence and
aging phenotypes in mouse skin [2].

ROS may be produced in a regulated manner during
cellular metabolism but they can also arise in an
unregulated manner by metabolic dysfunctions and by
exogenous stresses. ROS production is typically
localized in cellular compartments by NAD(P)H
oxidases, lipoxygenases, cyclooxygenases among others
as well as by the mitochondrial electron-transport chain
[3]. At physiological levels, ROS play beneficial or
even essential roles as regulatory mediators in
signalling or defence processes, including the
promotion of endothelium-dependent vasorelaxation,
apoptosis, angiogenesis, erythropoietin production and
destruction of bacteria and other foreign substances by
macrophages [4].

However, compromised homeostatic pathways lead to
elevated ROS levels that may result in the damage of
cellular components (i.e., proteins, lipids, DNA). A
growing body of evidence implicates oxidative stress in
both aging and a wide spectrum of human diseases
including diabetes, atherosclerosis, hypertension,
cancer, cardiovascular diseases and neurodegenerative
diseases among others [5].

The counterpoint of deleterious and useful ROS roles
may have provided evolutionary pressure to develop
robust pathways for intracellular redox homeostasis
including antioxidants such as glutathione peroxidases,
peroxiredoxins, catalases and SODs. The first line of
defence against ROS appears to be one of the

superoxide dismutases, SOD2, (aka manganese
superoxide dismutase (MnSOD)). SOD2 is a
mitochondrial matrix protein that converts the

superoxide anion (0O,) to hydrogen peroxide (H,O,),
which is in turn, converted to molecular oxygen and
water by catalase and peroxiredoxins. In this Aging
paper, the Campisi group showed that normal aged mice
exhibit impaired mitochondrial complex II activity and
increased frequencies of senescent cells. They observed
similar phenotypes in SOD2 knockout (KO) mice at
very young ages and also reported that these mice
exhibit significant epidermal thinning which is an age-
associated phenotype in humans as well as mice. The
epidermal thinning appeared to be due to decreased
cellular proliferation in the senescent skin tissue rather
than increased apoptosis. In addition, senescence in
SOD2 KO mouse skin correlated with increased levels
of two senescence markers, SA-Bgal activity and the
pl6™** tumor suppressor, as well as amplified
keratinocyte terminal differentiation (Figure 1).
Moreover, these features are accompanied by the
presence of nuclear DNA damage in the epidermis, a
characteristic linked to senescence in both mouse and
human cells in culture [6].

Similar to the observations made in mice, other studies
in yeast and Drosophila also show a predominant role
for SOD2 in increasing the lifespan [7-9]. However, the
evidence of a direct link between aging and elevated
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ROS levels is not undisputed. For example, mice
heterozygous for SOD2 exhibited accrued DNA damage
and subsequent predisposition to cancer, but without
any impact on the lifespan [10]. In mice with a mutated
mitochondrial DNA polymerase, PolG, ROS production
was not significantly increased but the mitochondria
accumulated mutations which, in turn, resulted in
dysfunctions leading to several aging phenotypes and
early death [11,12].

Other studies failed to find a direct link between SOD2
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and aging. A study with mice showed that SOD2
overexpression, while resulting in decreased lipid
peroxidation, did not alter either lifespan or age-related
pathology [13]. In the nematode, depletion of SOD2
increased oxidative stress but lifespan could still be
dramatically prolonged [14]. Also, in the human
colorectal cancer «cell line HCTI116, SOD2
overexpression unexpectedly induced growth arrest and
increased senescence [15]. These discrepancies may be
explained by the differential responses between species
and cell types to a rise in ROS levels.
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Figure 1. Scheme illustrating the putative role of SOD2 in skin aging. (Left panel) In normal
mice, SOD2 scavenges superoxide anions O,, a byproduct of mitochondrial respiration, resulting in
normal levels of reactive oxygen species (ROS, red stars). This homeostasis leads to minimal cellular
stress (little damage to DNA, lipids and proteins), resulting in normal skin, characterized by a thin
stratum corneum (SC) and a thick epidermis (EP). (Right panel) In contrast, SOD2 deficiency leads to
elevated levels of ROS and oxidative stress (increased damage to DNA, proteins and lipids) as well as
impaired mitochondrial (complex II) activity. This results in premature aging, characterized by increased
thickness of the stratum corneum (SC) and thinning of the epidermis (EP). The change of the stratum
corneum is accompanied by the accumulation of differentiated keratinocytes with high levels of (-
galactosidase activity, while the thinning epidermis results from a combination of decreased
proliferation and increased senescence in the suprabasal layer (yellow). Compared to normal mice,
SOD2 KO mice exhibit elevated skin transcript levels of Tgm1 and p16INK4a, markers for differentiated
keratinocytes and cellular senescence respectively, as well as decreased transcript levels for keratin
1(krt1) and keratin 10 (krt10), two markers of transit amplifying cells and early differentiating cells.
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The shorter lifespan observed in SOD2 KO mice
compared to wild-type and heterozygous mice may be
reminiscent of previous studies showing that rates of
mitochondrial O,” and H,O, generation were inversely
correlated to maximum life span potential with shorter-
lived species producing relatively higher amounts of
ROS [16].

Because SOD2 plays a role in aging in mice, it would
be interesting to look if a correlation exists between
age-related pathologies and SOD?2 alterations in human.
For example, mitochondrial dysfunction was shown to
contribute to the pathogenesis of  aging-related
neurodegenerative diseases [17] . Moreover, presently
unresolved issues include the exact nature of oxidant
species involved in the establishment of senescence, and
the molecular pathways which link mitochondrial
oxidative stress to the appearance of genomic DNA
lesions. Further research will clarify how these lesions
occur in the nucleus, their relationship to aging and
which capabilities of cellular redox homeostasis are
most important in minimizing them.
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