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Oxidative damage has been implicated in the aging process and in a number of degenerative diseases. To investigate the
role of oxygen radicals in the aging process in mammals, the life spans of transgenic mice on a CD-1 background ex-
pressing increased levels of CuZn superoxide dismutase (CuZnSOD), the enzyme that metabolizes superoxide radicals,
were determined. Homozygous transgenic mice with a two- to five-fold elevation of CuZnSOD in various tissues showed
a slight reduction of life span, whereas hemizygous mice with a 1.5- to 3-fold increase of CuZnSOD showed no differ-
ence in life span from that of the nontransgenic littermate controls. The results suggest that constitutive and ubiquitous
Overexpression of CuZnSOD alone is not sufficient to extend the life spans of transgenic mice.

BECAUSE of the increasing evidence for the role of oxida-
tive damage in the aging process and in a number of age-

related degenerative diseases (see references 1-5 for review),
enzymes that metabolize reactive oxygen species have received
special attention for their potential to reduce age-related oxida-
tive damage and consequently to extend life span. Recently, ex-
tension of life span up to 48% was achieved in transgenic
Drosophila with elevated levels of CuZn superoxide dismutase
(SOD) alone (6), or of CuZnSOD and catalase (7), and in
Drosophila with motorneuron-specific Overexpression of
CuZnSOD (8). Similarly, Drosophila selected for longevity and
long-lived Caenorhabditis elegans with the age-1 mutation
were found to have increased activities of CuZnSOD and cata-
lase (9-11). By contrast, several earlier transgenic Drosophila
studies with generalized increases in CuZnSOD activity
showed only a small increase in life span (12-15).

Given these divergent results in invertebrates, it could not be
predicted how alterations in CuZnSOD activity would affect life
span in mammals. Therefore, we have used human CuZnSOD
transgenic mice, TgN<S<9D7>Cje3 [previously designated
TgHS-218(3)], to assess the effect of increased CuZnSOD activ-
ity on longevity (16). We now report that life span was not in-
creased in the transgenic mice and, if anything, was decreased in
the animals with the highest levels of CuZnSOD activity.

METHODS

Generation of Mice
Hemizygous SOD1 transgenic mice on the CD 1 background

were intercrossed to generate a cohort of female homozygous
(homo-tg), hemizygous (hemi-tg), and nontransgenic (non-tg)
mice for the life span studies. To identify transgenic mice, red
cell lysates were separated by nondenaturing PAGE, and the
gels stained for SOD activity (17). The presence of the human
CuZnSOD band in the gel indicated the transgenic status of the
mice. SOD activity assays and fluorescence in situ hybridiza-
tion (FISH) of metaphase spreads using genomic SOD I as the
probe were then used to distinguish between hemi-tg and
homo-tg mice (18).

Housing Conditions
Animals were usually housed with their own littermates at

five to six mice per cage in a nonbarrier facility for the pilot
study and in a pathogen-free facility for the full-scale aging
study. We periodically consolidated cages with less than three
mice remaining to prevent mice from being caged alone. The
mice in both studies were maintained on a 12-hour light-dark
cycle at a constant temperature of 20 to 22°C. The mice in the
pilot study were fed nonsterilized Formulab chow (6.5% fat,
PMI Nutrition Intl., Brentwood, MO) from weaning. The mice
in the full scale study were fed sterilized PicoLab Mouse Diet
20 5058 (9% fat, PMI Nutrition Intl.) from weaning to 9
months of age. Because the animals were gaining too much
weight, they were then switched to sterilized PicoLab Mouse
Diet 20 5053 (4.5% fat). The mice in both studies were given
food and water ad libitum. Mice were checked daily by animal
care personnel and weekly by veterinary nurses. The study was
carried out under the approval of Committee on Animal
Research of the University of California, San Francisco.

Statistical Analyses
The statistical analysis program IMP, version 3 (SAS

Institute Inc., Gary, NC), was used to carry out the analysis of
variance (ANOVA) test on the body weights, and the Kaplan-
Meier estimates (univariate survival analysis) and the propor-
tional hazards analysis (Cox model) on life spans.

RESULTS

Ubiquitous Transgene Expression
Human CuZnSOD transgenic mice, CDl-TgN<5OD7>Cje3,

with ubiquitous and constitutive expression of the human trans-
gene (Figure 1 and Table 1) were used in this study. Published
and unpublished CuZnSOD activities in different tissues are
summarized in Table 1. The activity of CuZnSOD ranged from
1.5- to 3- and 2- to 5-fold, respectively, in various tissues of
hemizygous (hemi-tg) and homozygous (homo-tg) transgenic
mice, with the higher activities being found in most organs
other than kidney, liver, and lung.
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Figure I. Ubiquitous expression of human CuZnSOD gene. Tissues were homogenized (w:v= 1:5) in a buffer containing 1 mM EDTA, 0.5% NP40, and
Complete protease inhibitor cocktail (1 tablet per 50 mL) from Bochnnger Mannheim. The tissue lysates were centrifuged at 10,000.1? for 5 minutes and the resulting
supernatants were used to load the acrylamide gel. Electrophoresis and gel staining were carried out as described (17). Lane 1, skeletal muscle; 2, kidney; 3, spleen;
4, liver; 5, lung; 6, heart; 7, caudet-putamen; 8, hippocampus; 9, brain stem; 10, cerebellum; 11, cortex; 12, blood; 13, human control (blood); 14, nontransgenic
mouse control (blood). The enzvme bands in the eel are a, mouse homodimer: b, human homodimer; c, human/mouse heterodimer.

Table 1. CuZnSOD Activities of Different Tissues
of CD 1 ̂ TgN<5"OD/>Cje3

Transgenic* Ratio to
Tissues Nontransgenic* N (Hemi?,ygous) /V Control Reference

Heart
Lung
Liver
Spleen
Kidney
Blood
Skeletal muscle
Fibroblasls
Frontal cortex
Cerebral cortex
Caudate-putamen
Hippocampus
Cerebellum

Brainstem
Spinal cord

40.3 ±5.1
52.0 ± 3.0
90.0 ± 6.0
35.8 ±2.7
76.0 ±5. 7
10.5+1.9
4.8 + 0.9

11.0 + 0.8
3.4 ±0.6
7.9 ±0.5
5.8 + 0.4
4.2 + 0.6
2. 1 ± 0.2
9.0 + 2.0
4.8 + 0.2

15.4 + 2.0

3
3
3
3
3
3
5

23
12
3

12
12
12
3

12
3

91.8 + 5.0
84.0 ± 8.6

165.0 ±13.0
9 1.0 ±3.6

118.0 + 7.9
35.0 + 2.5
23. 1 + 0.8
38. 1 + 2.4
9.6 ± 0.4

22.7 ± 1.4
13.4 + 0.5
11.2 + 0.9
7.2 ±0.8

25.8 ± 1 .3
9.6 ± 0.4

34.9 + 1 .5

3
3
3
3
3
3
5
5

12
3

12
12
12
3

12
3

2.3
1.6
1.8
2.5
1.6
3.3
4.8t
3.5
2.8
2.9
2.3
2.7
3.4
2.9
2.0
2.3

t
t
t
t
f
t

27
19
38
39
38
38
38
39
38
39

*CuZnSOD activities are expressed as U/mg protein; mean ± SEM.
tE. Carlson, unpublished results.
^Homozygous transgenic mice were used for this study.

Shorter Survival Time for homo-tg Mice
The pilot study was initially set up with 15 nontransgenic

(non-tg), 13 hemi-tg, and 17 homo-tg mice. Subsequently, the
full-scale aging study was set up with 119 non-tg, 200 hemi-tg,
and 98 homo-tg mice. The animals were weighed once a
month, and there were no differences in body weight among
the three groups of mice (Figure 2). All of the animals in the
pilot study were allowed to die without intervention. The mean
life spans in this study were 23.5 ± 2.3 months (mean ± SD) for
non-tg, 22.5 ± 2.1 months for hemi-tg, and 17.8 ± 1.8 months
for homo-tg mice (Figure 3a). The mean life span of non-tg
mice is similar to that of CD 1 mice (706 days) published by
Liddle and colleagues (19). Life span comparisons of the entire
population indicated that survival was not the same across the

three groups of mice (Wilcoxon's chi-square analysis; DF = 2,
p - .0462). Subsequent pair-wise comparisons indicated a sta-
tistical difference in survival between non-tg and homo-tg mice
(Wilcoxon's chi-square analysis; DF - 1, p = .0297) and a
marginal difference between hemi-tg and homo-tg mice (p =
.0773). There was no difference in survival between non-tg and
hemi-tg mice (p = .595). Proportional hazards analysis (Cox
model) indicated a risk ratio of 1.78 between homo-tg and non-
tg, implying a shorter survival time for the homo-tg mice.

In the full-scale aging study, 69.7% (83/119) non-tg, 70.5%
(141/200) hemi-tg, and 69.4% (68/98) homo-tg mice died with-
out intervention; and 30.3% (36/119) non-tg, 29.5% (59/200)
hemi-tg, and 30.6% (30/98) homo-tg mice were euthanized
when the animals were considered to be suffering from termi-
nal illness. The animals were considered to be terminally ill
when they had lost more than 10% body weight within 2
weeks, had difficulty breathing or moving around, had obvious
tumors larger than 1 cm in diameter, or had skin lesions (scratch
wounds) greater than 5% of total body surface. The euthanized
animals were treated as censored subjects in the statistical
analysis. The differences in life span between the censored and
noncensored calculations are 0.6,0.3, and 0.6 month, respec-
tively, for non-tg, hemi-tg, and homo-tg mice. The mean, me-
dian, and maximum (when 95% of the population had died) life
spans were 20.1 ± 0.6, 19, and 31 months, respectively, for the
non-tg mice; 19.8 ± 0.5, 19, and 31 months for hemi-tg mice;
and 18.5 ± 0.7, 18, and 30 months for homo-tg mice (Figure
3b). There was no statistical difference in survival across the
three groups of mice (Wilcoxon's chi-square test; DF = 2,p =
.145). Pair-wise comparisons indicated a marginal difference in
survival between non-tg and homo-tg (p = .0863) and between
hemi-tg and homo-tg (p = .0823), but there was no difference
between non-tg and hemi-tg mice (p = .771). The proportional
hazards test showed no difference in the risk ratio among the
three groups of mice.

DISCUSSION
Extensive in vivo and in vitro studies have been carried out

with the strain of transgenic mice used for the present studies.
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Figure 2. Animals were weighed once a month from 3 months of age. We
only present weight data from 3 to 23 months as the animal numbers were too
low after 23 months for statistical analysis. No significant differences in body
weight were observed at each time point.

In most cases, increased levels of CuZnSOD activity have been
shown to be protective against various forms of acute oxidative
stress produced by insults as diverse as brain trauma, ischemia
and reperfusion, chemicals and drugs, and, in dopaminergic
cells, the toxic effects of 3,4-dihydroxyphenylalanine (DOPA)
autooxidation (20-25). The only negative effect in acute experi-
ments was observed when neonatal transgenic animals were
exposed to ischemia and hypoxia; in this instance, increased
H2O2 production could be demonstrated (26). However, long-
term studies with the same strain of transgenic mice showed a
higher level of age-related muscle atrophy (27), implying an
adverse effect of having increased CuZnSOD activity. Similar
results were obtained from studies with a separate set of SOD I
transgenic mice (28). Other negative effects of elevated levels
of CuZnSOD activity in other transgenic strains of mice in-
clude premature aging changes in neuromuscular junctions
(29,30), thymic abnormalities, and enhanced apoptosis of thy-
mocytes and bone marrow cells (31), and increased basal levels
of lipid peroxidation in the brain (32). Taken in the aggregate,
these findings indicate that the effects of increased CuZnSOD
activity can be beneficial or deleterious, depending on the par-
ticular circumstances.

It is not yet clear how the disparate results of the many inves-
tigations with CuZnSOD transgenic mice, including the present
longevity studies, can be reconciled. It is commonly believed
that increasing CuZnSOD activity without a simultaneous in-
crease in either catalase or glutathione peroxidase activity may
result in increased levels of H2O2 and consequently, result in an
increased level of OH. By inference, it is assumed that such an
increase will be deleterious. However, this is not the only path-
way for O2 metabolism. Superoxide radicals can also interact
with NO and form the highly toxic peroxynitrite (33,34). To
complicate the issue further, CuZnSOD actually has the capac-
ity to catalyze this process (35,36). Therefore, the consequences
of having more CuZnSOD may be difficult to predict, depend-
ing on the type of oxidative insult and the different components
involved in the process.

In addition, genetic background may be a contributing factor
to the lack of positive effect of CuZnSOD on the life spans of
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Figure 3. Kaplan-Meier survival analyses. A, Pilot study; B, Full-scale study.
The life spans of the mice were rounded up to the nearest months.

transgenic mice on the CD1 background. In Drosophila stud-
ies, genetic background affects the degree of life span extension
that could be achieved. Thus, no life span extension was ob-
served in some strains of transgenic Drosophila (12-15),
whereas up to a 48% life span extension was observed in other
strains (6). In our hands, different genetic backgrounds have a
profound effect on the life span of MnSOD deficient mice
(Sod2-l-) (37). Therefore, increased CuZnSOD might affect
the life span of transgenic mice on genetic backgrounds other
than that used in the current study.

Over the life of an organism, it is likely that increased levels
of CuZnSOD activity may be beneficial for certain tissues or
cell types and deleterious for others, depending on the rate of
O2~ generation, the presence of other oxygen radicals, and the
capacity for H2O2 metabolism. Because life span is the outcome
of the way in which all of the tissues work together, the effect
of the transgene in some tissues may mask the opposite effect
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in others so that no positive (or negative) change in life span is
observed. The findings of increased longevity in Drosophila
with the motorneuron-specinc CuZnSOD transgene versus the
lack of life span extension in SOD! transgenic Drosophila with
generalized increase of CuZnSOD would be compatible with
this notion. However, it would be expected that this balance in
effects will be influenced by the degree of CuZnSOD overex-
pression. This may be the situation in the homo-tg animals in
which there may be a reduction in life span, even though no
change in life span was noted in the hemi-tg animals.

In summary, the current study suggests that constitutively
and ubiquitously elevated levels of CuZnSOD alone are not
sufficient to extend the life span of mice. Transgenic mice with
balanced increases of CuZnSOD and catalase (or glutathione
peroxidase) or transgenic mice with tissue-specific and/or
temporal-specific expression of CuZnSOD on different genetic
backgrounds will need to be tested to determine whether the
manipulation of oxygen free radical metabolism can positively
affect the aging process.
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