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ABSTRACT
A transgenic system (“FLP-out”) based on yeast FLP recombinase allowed induced overexpression of

MnSOD enzyme in adult Drosophila melanogaster. With FLP-out a brief heat pulse (HP) of young, adult flies
triggered the rearrangement and subsequent expression of a MnSOD transgene throughout the adult life
span. Control (no HP) and overexpressing (HP) flies had identical genetic backgrounds. The amount of
MnSOD enzyme overexpression achieved varied among six independent transgenic lines, with increases
up to 75%. Life span was increased in proportion to the increase in enzyme. Mean life span was increased
by an average of 16%, with some lines showing 30–33% increases. Maximum life span was increased by
an average of 15%, with one line showing as much as 37% increase. Simultaneous overexpression of
catalase with MnSOD had no added benefit, consistent with previous observations that catalase is present
in excess in the adult fly with regard to life span. Cu/ZnSOD overexpression also increases mean and
maximum life span. For both MnSOD and Cu/ZnSOD lines, increased life span was not associated with
decreased metabolic activity, as measured by O2 consumption.

CURRENT theory suggests that aging results from cient. Oxidatively damaged macromolecules accumu-
late in every aging organism examined, and oxidativethe decreased force of natural selection acting on
damage is implicated in the etiology of most humanolder individuals (Rose 1991; Partridge and Barton
aging-related diseases.1993; Charlesworth 1994; Kirkwood 1995; Kirk-

Numerous studies demonstrate the correlation be-wood and Austad 2000). Reduction in the force of
tween aging and oxidative damage in Drosophila. Innatural selection with age allows each generation to
Drosophila, aging has been found to correlate with in-inherit mutations that have deleterious effects at late
creased levels of protein carbonyls and 8-oxo-Guanineages. The accumulation of such mutations in the germ
in the DNA (Orr and Sohal 1994; Sohal et al. 1995).line results in reduced fitness of old organisms, includ-
Drosophila lacking either catalase or Cu/ZnSOD haveing an imbalance between damage and repair and a
reduced life span (Mackay and Bewley 1989; Phillipsfailure to maintain somatic tissue structure and func-
et al. 1989; Orr et al. 1992; Griswold et al. 1993). More-tion.
over, the stress response protein hsp70 is induced inReactive oxygen species (ROS) are produced as a toxic
muscle tissue during Drosophila aging and this expres-byproduct of normal cellular metabolism, and oxidative
sion is increased or accelerated in catalase and Cu/damage is hypothesized to be one cause of aging in
ZnSOD null mutant flies (Wheeler et al. 1995, 1999).metazoans (Harman 1956; Stadtman 1992; Martin et
Finally, genetic selection of Drosophila populations foral. 1996; Sohal and Weindruch 1996; Wallace 1999;
increased life span in the laboratory correlates with in-Finkel and Holbrook 2000). The enzymes catalase
creased expression of oxidative stress resistance enzymesand superoxide dismutase (SOD) are major defenses
and increased oxidative stress resistance (Arking et al.against ROS in all cells. SOD exists in two forms inside
1991, 2000).the eukaryotic cell, Cu/ZnSOD primarily in the cyto-

One way to directly test the hypothesis that oxidativeplasm and MnSOD in the mitochondria. The major
damage causes aging is to engineer transgenic organ-ROS produced by the cell is mitochondrial superoxide,
isms with increased oxidative stress defenses and deter-which is converted by SOD to H2O2. Catalase converts
mine the effects on life span. In pioneering experimentsH2O2 to molecular oxygen and water. These and other
Drosophila were created that contained catalase and Cu/cellular defenses against ROS are not completely effi-
ZnSOD transgenes under the control of their native pro-
moters or a constitutive heterologous promoter (Seto
et al. 1990; Reveillaud et al. 1991; Orr and Sohal
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on the second chromosome, independent line “C,” andthe data suggests that increased life span was not demon-
CAT2A2 is an insertion of the previously reported catalasestrated (Tower 1996; Kaiser et al. 1997; Tatar 1999).
FLP-out construct CAT on the second chromosome, indepen-

In contrast, when tissue-specific (GAL4/UAS; Parkes dent line “A2” (Sun and Tower 1999).
et al. 1998) or inducible (FLP-out ; Sun and Tower 1999) General: Drosophila culture, transformation, and life span

assays were performed as previously described (Sun andtransgenic systems were used to cause overexpression
Tower 1999), with the modification that aging cohorts of fliesof Cu/ZnSOD, it resulted in life span increases of up
consisted of 250–400 individuals for each of heat-pulsed (HP)to 48%. Catalase overexpression increased the resis-
and control (Co) groups, and were transferred to fresh food

tance of flies to H2O2 but had neutral or slightly negative vials every 48 hr. The heat pulse regimen was as previously
effects on life span, both alone and in combination with described for use with the FLP3 strain. All of the data pre-

sented here are novel and have not been previously reported.Cu/ZnSOD overexpression (Sun and Tower 1999).
For strains that have previously been described, all data repre-The data suggest that with regard to life span Cu/
sent novel reassays of those strains and were essentially identi-ZnSOD activity is limiting while catalase exists in excess.
cal to previous results (Sun and Tower 1999).

Consistent with this idea, analysis of multiple catalase Drosophila culture, FLP-out heat pulse regimen and life
mutant strains demonstrates that catalase activity must span assays: To obtain adult flies of defined age, the crosses

described below were cultured at 25� in urine specimen bot-be reduced to � �10% of wild-type levels before re-
tles. Prior to eclosion of the majority of pupae, bottles wereduced life span is observed (Mackay and Bewley 1989;
cleared of adults and newly eclosed flies were allowed toOrr et al. 1992; Griswold et al. 1993).
emerge over the next 48 hr. The majority of the males will have

Mitochondria are thought to be the primary cellular mated during this time. The males only were then removed,
source of ROS and may also be primary targets of oxida- designated as 1 day old, maintained at 25� at 40/vial in culture

vials with food, and passaged to new vials every 48 hr. At 5tive damage. Because of this, the exclusively mitochon-
days of age the males were pooled, separated into control anddrial form of superoxide dismutase, MnSOD, may be a
experimental groups of 250–400 flies each, and placed inparticularly important additional defense against oxida-
culture vials with food at 40/vial. The control group was main-

tive damage during aging. In mice MnSOD appears to tained at 25� and the experimental group was subjected to a
be the more critical enzyme, as MnSOD mutations have heat pulse of 90 min at 37�. The experimental group was
more severe phenotypes than Cu/ZnSOD mutations returned to 25� and then 24 hr later (day 6) the experimental

group was subjected to a second heat pulse. The control and(Huang et al. 1999; Wallace 1999). In this study Dro-
experimental groups were then maintained at 25� and pas-sophila were engineered to overexpress mitochondrial
saged to fresh vials every 48 hr. Dead flies were counted at eachMnSOD, using the FLP-out system to assay for effects passage, and the number of vials was progressively reduced to

on life span. maintain approximately 40 flies/vial. To calculate mean life
Environmental manipulations that decrease meta- spans for the experimental and control groups, each fly’s life

span was tabulated, their life spans were averaged, and thebolic rate in Drosophila, e.g., isolation from mates (Par-
SD and SEM were calculated. Maximum life span for thetridge et al. 1987), dietary restriction (Chippindale et
control and experimental cohorts was calculated as theal. 1993), or decreased temperature (Miquel et al. amount of time in days required to reach 90% mortality. Life

1976), also increase life span. To test whether SOD span was assayed at least twice and for several genotypes three
overexpression was enhancing life span through a times, using independently cultured flies in experiments sepa-

rated in time by �2 weeks. Life span assays done simultane-dampening effect on metabolic rates, O2 consumption
ously are indicated as Exp 1, Exp 2, Exp 3, and Exp 4 in thewas assayed throughout the life span of the flies overex-
Tables.pressing MnSOD or Cu/ZnSOD, as well as Oregon-R SOD enzyme activity assays: Cu/ZnSOD activity was mea-

wild-type controls. sured as total SOD activity as previously described (Sun and
Tower 1999), except that EDTA concentration of assays was
0.08 mm. MnSOD activity was measured in the same way,
except that assays contained 0.1 mm potassium cyanide toMATERIALS AND METHODS
inhibit Cu/ZnSOD activity. SOD-specific activities are ex-
pressed as percentage inhibition of quercetin oxidation perPlasmid construction and transformation: The 800-bp EcoRI

fragment containing the full-length Drosophila melanogaster microgram extract protein per 10-min reaction. Catalase-spe-
cific activity was measured as previously described (Sun andMnSOD cDNA was isolated from plasmid pcMnSOD (Dut-

taroy et al. 1994) and substituted for the Cu/ZnSOD cDNA Tower 1999) and is expressed in units of �OD240/min/�g
extract protein. SOD and catalase activities are presented asfragment in construct pActStopSOD (Sun and Tower 1999)

to generate construct mSOD. Six independent transgenic lines the mean and standard deviation of triplicate extracts.
Metabolic rate assay: Data for oxygen consumption experi-were generated for mSOD using published methods (Rubin

and Spradling 1982; Sun and Tower 1999), and each was ments are presented in Table 4. The genotypes, culture, and
heat pulse regimen were as described above. On day 6, follow-confirmed to contain a single P-element insertion using South-

ern analysis (data not shown). Each transgenic construct inser- ing the second heat pulse, one-half of each cohort of SOD
overexpressing flies was kept at University of Southern Califor-tion chromosome was made homozygous by crossing to the

same set of inbred balancer stocks. The names of all transgenic nia in Los Angeles for the life span assays of Exp 3 and Exp
4, and one-half was moved to University of California-Irvinelines indicate the transgenic construct (e.g., mSOD), followed

by the chromosome of insertion (X, 2, or 3), followed by a at controlled temperature for oxygen consumption assay. The
oxygen consumption assay for the SOD overexpressing fliesletter or number (or a letter/number combination) indicating

the particular independent insertion on that chromosome. was therefore done on sibling flies of those used for life span
assays Exp 3 and Exp 4. For the oxygen consumption assay,For example, mSOD2C is an insertion of the mSOD construct



663MnSOD Increases Drosophila Life Span

adult male flies from each treatment (control and HP) were where
divided into six replicate groups composed of 32–41 flies each

�... � RRR�ijk/abc is a constant,and placed in maintenance vials containing food. Flies were
transferred to new food vials every 2–3 days. Measurements �i, �j, 	k, (��)ij, (�	)ik , (�	)jk , (��	)ijk are constants subject
of oxygen consumption were made using a flow-through respi- to the restrictions
rometry system (Sable Systems, Henderson, NV) in a tempera-
ture-controlled room at 25� 
 1�. Flies were anesthetized with �

i
�i � �

j
�j � �

k
	k � 0

CO2 and transferred from the maintenance vials into respirom-
etry chambers (volume 10 ml) containing 0.5 ml food. Follow- �

i
(��)ij � �

j
(��)ij � �

i
(�	)ik � 0

ing recovery of the flies from anesthesia (20 min), dry, CO2-
free air was allowed to flow through the respirometry chambers �

k
(�	)ik � �

j
(�	)jk � �

k
(�	)jk � 0

at a rate of 6 ml/min, and oxygen decrement was measured
using an Ametek (Pittsburgh, PA) S-3A/1 oxygen analyzer. �

i
(��	)ijk � �

j
(��	)ijk � �(��	)ijk � 0,Data were recorded and analyzed using Sable Systems’ Datacan

software. Metabolic rate was estimated using data from the
i � 1, . . . , a ; j � 1, . . . , b ; k � 1, . . . c ; m � 1, . . . , n.final 10 min of the 30-min assay period to avoid the initial

washout period. The term “randomized block ANOVA” refers to an ANOVA
The number of flies per chamber varied depending upon design where experimental units within each block are ran-

mortality, but initial numbers ranged from 32 to 41. Accurate domly assigned treatment. Mathematically, a randomized
estimates of metabolic rate/fly could be made within fly block design with fixed blocks is equivalent to a fixed-effects
groups composed of as few as 5–10 flies each. The order in ANOVA model where the blocks are treated as one of the
which flies were assayed for metabolic rate was varied systemati- fixed effects.
cally and experimental and control groups were measured in Induced expression of MnSOD transgene increases MnSOD
the same assay cycle. The food itself was found to have no enzyme activity: To generate genotypes 1–6 of Tables 1 and
measurable rate of oxygen uptake. 3, strains homozygous for the indicated mSOD insertions were

Oxygen consumption for all flies was measured once a week. crossed to the FLP3 stock containing the hs:FLP construct on
Oxygen consumption in all Cu/ZnSOD lines and their controls the third chromosome (w;FLP3 Sb/TM2 Ubx). Progeny were
was assayed over a 4-week period. MnSOD lines and their con- selected that inherited the FLP3 chromosome marked with
trols were assayed for 6–7 weeks, due to their increased lon- the dominant mutation Sb and were therefore heterozygous
gevity. for both constructs. The MnSOD enzyme activity data (Table

To estimate mean metabolic rate per fly, total oxygen con- 1) were analyzed using randomized-blocks ANOVA. The
sumption from each experimental chamber was divided by model for analysis was the two-factor fixed-effects ANOVA
the total number of flies within each chamber and averaged model. �i was the effect for genotype i, where i � 1, . . . 6
over total number of weeks. Averages and SD were then calcu- (genotypes 1–6 of Table 1). �j was the effect for group (control
lated from the six replicate vials per treatment (Co and HP). vs. heat pulse) j, where j � 1, 2. There were three replications
These values were compared between control and experimen- of the enzyme activity assay, k � 1, . . . 3. The responses were
tal flies using two-sided t -tests and are presented in Table 3. denoted as Yijk , which indicates the activity level for genotype

Statistical analyses: t-tests: Mean life span and enzyme activi- i, group j, and repetition k. The interaction between genotype
ties were compared between control and heat pulse popula- i and group j was denoted as (��)ij . ANOVA table results are
tions using unpaired two-sided t -tests for each individual ex- presented in Table 2.
periment. Maximum life span (time to 90% mortality) was Heat pulse alone does not increase MnSOD enzyme activity:
compared between control and heat pulse populations by Genotypes 7–9 of Tables 1 and 3 are controls that do not
combining the paired data from two experiments using paired contain a SOD transgene. Genotype 7 is the progeny gener-
two-sided t -tests. Results are presented in Tables 1 and 3. ated by crossing flies homozygous for the FLP-out lacZ expres-

ANOVA: The following two standard ANOVA models were sion construct on the third chromosome (Sun and Tower
used (Neeter et al. 1990). 1999) to the FLP3 stock. Genotype 8 is the progeny generated

by crossing the FLP3 stock to Oregon-R wild type. Genotype1. Two-factor fixed-effects ANOVA model:
9 is Oregon-R wild type. The data for the control genotypes

Yijk � �.. � �i � �j � (��)ij � εijk , 7–9 (Table 1) were analyzed using the two-factor fixed-effects
ANOVA model as described above, where i � 7, 8, 9. Results

where are presented in the text.
Induced expression of MnSOD transgene increases mean�.. � RiRj�ij/ab is a constant,

and maximum life span: Mean life span data for the MnSOD
overexpressing genotypes 1–6 (Table 3) were analyzed using�i are constants subject to the restriction R�i � 0,
the two-factor fixed-effects ANOVA model as described above,

�j are constants subject to the restriction R�j � 0, except that the responses Yijk were life span, and there were
two replications k � 1, 2. Maximum life span data for the(��)ij are constants subject to the restrictions
MnSOD overexpressing genotypes 1–6 (Table 3) were ana-
lyzed using the same model.�

i
(��)ij � 0 and �

j
(��)ij � 0,

Heat pulse alone does not increase life span: Mean life span
data for the control genotypes 7–9 (Table 3; i � 7, 8, 9) wereεijk are independent N(0, �2),
analyzed using the two-factor fixed-effects ANOVA model as
described above. Responses Yijk were life span, and there werei � 1, . . . , a; j � 1, . . . , b; k � 1, . . . n.
two replications k � 1, 2. Maximum life span was analyzed in

2. Three-factor fixed effects ANOVA model: the same way.
Life span is increased in proportion to the increase inYijkm � �... � �i � �j � 	k � (��)ij � (�	)ik MnSOD enzyme activity: The percentage increase in life span

(mean and maximum) was plotted vs. the percentage increase� (�	)jk � (��	)ikj � εijkm ,
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in MnSOD enzyme activity (Figure 2), revealing a linear rela- pression of FLP recombinase. A second transgenic con-
tionship for both. The data were analyzed using a standard struct (the “target” construct) contains the gene of
linear regression model, namely, Yi � � � �xi � εi, where εi interest downstream of the constitutive, tissue-generalwas normally distributed with mean 0 and variance �2. The

Drosophila actin5C promoter. Transcripts initiating atsubscript i indicated genotype, where i � 1, . . . 6. The life
span for genotype i was denoted as Yi, while the enzyme activity the actin5C promoter are prevented from reaching the
for genotype i was denoted as xi. The intercept of the regres- gene of interest by a transcriptional “stop” sequence.
sion line was denoted as �, while the slope was denoted as �. This transcriptional stop sequence is itself flanked by

Catalase overexpression is not associated with increased life
FRTs, which are the target sites for FLP recombinase.span: Genotype 10 is the progeny generated by crossing flies
After FLP expression is induced by the heat pulse, thehomozygous for the previously described catalase FLP-out ex-

pression construct on the second chromosome (CAT2A2; Sun FLP recombinase protein causes the precise excision of
and Tower 1999) to the FLP3 stock. Genotype 11 was gener- the transcriptional stop sequence in the target con-
ated by crossing a strain homozygous for both the mSODX1 struct. This results in direct fusion of the actin5C pro-
insertion and the CAT2A2 insertion to FLP3. Genotype 12

moter to the gene of interest and thus constitutive ex-was generated by crossing a strain homozygous for both the
pression of the gene of interest from that point in timeCAT2A2 insertion and the mSOD3C insertion to FLP3. The

data for genotypes 1, 5, 11, and 12 of Tables 1 and 3 were onward in all tissues of the fly. The particular site of
analyzed using three-way factorial ANOVA with mSOD geno- chromosomal insertion affects the expression level of
type (genotype), presence or absence of the CAT construct transgenes, and it was anticipated that MnSOD transgene
(cattype), and group (Co vs. heat pulse) as the three cross-

expression levels would vary between lines. For this rea-classified main effects.
son, six independent transgenic lines were generated,SOD overexpression and oxygen consumption: Genotypes

1–5 of Table 4 are the same as genotypes 13, 14, 2, 4, and 9, each containing the mSOD target construct integrated
respectively, of Tables 1 and 3. Recall that there are 12 repli- at one unique location in the genome.
cate vials for each genotype assayed for oxygen consumption Induced expression of MnSOD transgene increases
at multiple time points (dates), and 6 vials were control and

MnSOD enzyme activity: MnSOD enzyme activity was6 vials were heat pulsed. First, the two-factor fixed-effects AN-
assayed in extracts of flies containing both FLP3 andOVA model described above was used to confirm that heat

pulse caused increased life span in this experiment, and results the mSOD target construct. Induced overexpression of
are presented in the text. MnSOD enzyme varied from 29 to 75%, depending on

Second, oxygen consumption was analyzed across all five the particular transgenic line (Table 1, genotypes 1–6).
genotypes (Table 4) using a three-way factorial ANOVA with

The MnSOD enzyme activity assay was somewhat vari-main effects of genotype, date of assay, and group (Co vs.
able, and for three of the six MnSOD overexpressingheat pulse), and results are presented in the text.

Third, the relationship between life span and oxygen con- lines (genotypes 2, 3, and 6) the increase in enzyme
sumption was analyzed across all five genotypes (Table 4) activity had a P value slightly �0.05 by two-sided t -test.
using ANCOVA of the line means, and results are presented However, when considered as a group the MnSOD over-
in the text. The analysis was done in three steps: (i) correlation

expressing lines had a highly significant increase in en-analysis of the means for oxygen consumption and life span;
zyme (average 45%) that was not observed in the control(ii) a model of “oxygen consumption � genotype � group”;

and (iii) life span was included as a covariate in a model of lines, as confirmed by two-factor fixed-effects ANOVA
“oxygen consumption � life span � genotype � group.” (Table 2).

The more appropriate analysis for the conditional system Genotype 1 differs from the others in that the insert
was to analyze the relationship between the change in life

is on the X chromosome. Repeat of the ANOVA analysisspan and the change in oxygen consumption caused by the
of enzyme activity excluding genotype 1 yields essentiallyheat pulse. An ANCOVA model was used that combined a

continuous independent variable [percentage change in oxy- the same results: group F � 57.00, P � 0.0001; genotype
gen consumption (oxyper)] with a categorical variable (geno- F � 10.52, P � 0.0001; group 
 genotype F � 0.81, P �
type) as 0.5343.

Heat pulse alone does not increase MnSOD enzymeYi � �.. � �i � 	Xi � εi ,
activity: The control lines (Table 1, genotypes 7–9) do

where Yi is the percentage change in life span based on means not contain a MnSOD transgene, and for these lines(heat pulse � Co), �.. is an overall mean term, �i is the geno-
there was an average 14% increase in MnSOD enzymetype effect, 	 is the coefficient for Xi (is it significant?), and
activity that was not significant. Two-factor fixed-effectsXi is the percentage change in oxygen consumption. In this

case genotype had two values: experimental (genotypes 1–4 ANOVA results were group F � 4.34, P � 0.0592; geno-
of Table 4) and control (genotype 5 of Table 4). Results are type F � 147.41, P � 0.0001; group 
 genotype F �
presented in the text. 0.43, P � 0.5587.

Induced expression of MnSOD transgene increases
mean and maximum life span: Mean life span was as-

RESULTS
sayed in control and experimental (HP) populations of
�300 flies each, for each MnSOD transgenic line (TableFLP-out : In the FLP-out approach, the yeast FLP re-

combinase is expressed under the control of the hsp70 3, genotypes 1–6). Mean life span was increased by an
average of 16%, with some lines showing 30–33% in-heat-inducible promoter in one transgenic construct,

called FLP. A brief heat stress causes tissue-general ex- creases. Maximum life span was assayed by determining
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TABLE 1

Enzyme activity

Enzyme activity c

Genotypea Exp Enzyme Co HP % P d

1. mSODX1/Y;FLP3/� 1 MnSOD 0.560 
 0.055 0.982 
 0.049 �75.3 0.0006
2. mSOD2C/�;FLP3/� 1 MnSOD 0.857 
 0.028 1.36 
 0.249 �58.2 0.0720
3. mSOD3A/�;FLP3/� 1 MnSOD 0.650 
 0.134 0.968 
 0.176 �48.9 0.0561
4. mSOD2A/�;FLP3/� 1 MnSOD 1.008 
 0.038 1.401 
 0.051 �39.0 0.0007
5. mSOD3C/FLP3 1 MnSOD 1.025 
 0.135 1.391 
 0.157 �35.7 0.0390
6. mSOD2E/�;FLP3/� 1 MnSOD 0.820 
 0.029 1.057 
 0.115 �28.9 0.0626
7. LacZ/FLP3 1 MnSOD 1.275 
 0.158 1.427 
 0.121 �11.92 0.2607

2 Cu/ZnSOD 16.60 
 3.46 17.00 
 2.26 �2.46 0.8735
8. FLP3/�b 1 MnSOD 0.667 
 0.068 0.722 
 0.037 �8.18 0.3066

2 Cu/ZnSOD 18.91 
 0.19 20.42 
 1.69 �7.98 0.2615
9. Oregon-R 1 MnSOD 0.392 
 0.065 0.468 
 0.071 �19.14 0.2486

2 Cu/ZnSOD 3.71 
 0.85 3.55 
 1.16 �4.12 0.8473
10. CAT2A2/�;FLP3/� 2 Catalase 0.00258 
 0.00006 0.00354 
 0.00009 �37.12 0.0002
11. mSODX1/Y;CAT2A2/�;FLP3/� 2 MnSOD 0.438 
 0.541 0.541 
 0.019 �23.34 0.0995

2 Catalase 0.00261 
 0.00006 0.00343 
 0.00035 �31.67 0.0508
12. CAT2A2/�;mSOD3C/FLP3 2 MnSOD 0.543 
 0.127 0.812 
 0.020 �49.44 0.0635

2 Catalase 0.00299 
 0.00012 0.00412 
 0.00026 �37.95 0.0001
13. cSOD3A1/FLP3 2 Cu/ZnSOD 7.06 
 0.44 9.29 
 1.31 �31.69 0.0849
14. cSOD2A/�;cSOD3A1/FLP3 2 Cu/ZnSOD 11.52 
 2.36 16.93 
 0.41 �47.01 0.0539

a All transgenic constructs are heterozygous.
b Progeny of cross of FLP3 and Oregon-R.
c Mean 
 SD of triplicate assays, units defined in materials and methods.
d Unpaired two-sided t -test.

the time until 90% mortality. Maximum life span was P � 0.0001; group 
 genotype F � 21.78, P � 0.0001.
increased by an average of 15%, with one line showing Because the group 
 genotype interaction was signifi-
as much as 37% increase. Analysis of all the MnSOD cant, it may be informative to repeat the ANOVA sepa-
transgenic lines using ANOVA confirmed that both rately for group � control and group � HP. When this
mean and maximum life span were significantly in- was done the genotype effect was unchanged in each
creased. case (P � 0.0001).

Two-factor fixed-effects ANOVA results for mean life Maximum life span data for the MnSOD overexpress-
span were group F � 353.80, P � 0.0001; genotype F � ing genotypes 1–6 (Table 3) were analyzed using the
531.96, P � 0.0001; group 
 genotype F � 18.93, P � same two-factor fixed-effects ANOVA model. Results
0.0001. Because the group 
 genotype interaction was were group F � 20.97, P � 0.0006; genotype F � 34.67,
significant, it may be informative to repeat the ANOVA P � 0.0001; group 
 genotype F � 1.77, P � 0.1943.
separately for group � control and group � HP. When Repeat of the analysis of maximum life span excluding
this was done the genotype effect was unchanged in genotype 1 yielded essentially the same results: group
each case (P � 0.0001). F � 16.49, P � 0.0023; genotype F � 46.50, P � 0.0001;

Repeat of the ANOVA analysis of mean life span ex- group 
 genotype F � 1.54, P � 0.2629.
cluding genotype 1 yielded essentially the same results: As expected, the transgenic lines varied in their start-
group F � 261.63, P � 0.0001; genotype F � 363.60, ing life spans, due to unavoidable small differences in

genetic background (Kaiser et al. 1997; Sun and Tower
1999; Tatar 1999; Tower 1996, 2000). The largest in-TABLE 2
crease in mean life span (avg. 33%) was observed for

Enzyme induction using two-factor fixed-effects ANOVA line mSODX1 (Table 3, genotype 1), which has the lowest
starting life span of 26 days. The possibility cannot be

Source d.f. MS F P ruled out that, for this particular strain, MnSOD overex-
Group 1 1.249 84 �0.0001 pression is rescuing some unique genetic defect. How-
Genotype 5 0.226 15 �0.0001 ever, the starting life spans of genotypes 2–4 range from
Group 
 genotype 5 0.012 0.81 0.55 40 to 56 days, which is typical for Drosophila controls,
Error 24 0.015 and these strains exhibit reproducible 12–29% increases

MS, mean square. in life span. In addition, ANOVA analysis of the MnSOD
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transgenic lines, omitting line mSOD(X)1, yielded qual- slightly negative effects of catalase when combined with
MnSOD may be due in part to the fact that MnSODitatively identical results. Therefore the data demon-

strate that MnSOD overexpression extends life span re- overexpression was significantly reduced when the cata-
lase construct was also present. A similar effect was pre-gardless of the starting life span of the strain. Similar

results were obtained in the previous study of Cu/ viously observed for simultaneous overexpression of cat-
alase and Cu/ZnSOD (Sun and Tower 1999). TakenZnSOD overexpression; i.e., life span was extended in

both long- and short-lived genetic backgrounds with the together, the data support the conclusion that catalase
activity is already in excess in the adult fly, at least withlargest increases observed in the short-lived background

(Sun and Tower 1999). regard to life span.
The results were confirmed by three-factor fixed-Heat pulse alone does not increase life span: The

control strains (Table 3, genotypes 7–9) that do not effects ANOVA. Results for MnSOD enzyme activity were
cattype F � 114.00, P � 0.0001; genotype F � 67.47,contain a MnSOD transgene did not exhibit a significant

increase in mean or maximum life span due to the heat P � 0.0001; cattype 
 genotype F � 10.65, P � 0.0049;
group F � 58.06, P � 0.0001; cattype 
 group F � 7.52,pulse, as confirmed by two-factor fixed-effects ANOVA.

Results for mean life span were group F � 1.02, P � P � 0.0145; genotype 
 group F � 0.52, P � 0.4801;
cattype 
 genotype 
 group F � 2.15, P � 0.1624.0.3125; genotype F � 37.06, P � 0.0001; group 
 geno-

type F � 2.91, P � 0.0544. Results for maximum life Results for mean life span were cattype F � 4.89, P �
0.0271; genotype F � 452.39, P � 0.0001; cattype 
span were group F � 0.02, P � 0.8911; genotype F �

8.59, P � 0.0173; group 
 genotype F � 4.67, P � genotype F � 22.11, P � 0.0001; group F � 87.18, P �
0.0001; cattype 
 group F � 34.71, P � 0.0001; geno-0.0598. Therefore the heat pulse alone does not in-

crease life span, and increased life span must result from type 
 group F � 11.74, P � 0.0006; cattype 
 geno-
type 
 group F � 0.33, P � 0.5665.MnSOD overexpression. Representative survival curves

are presented for three MnSOD overexpressing lines Results for maximum life span were cattype F � 0.00,
P � 0.9610; genotype F � 9.47, P � 0.0152; cattype 
(Figure 1, A–C) and three control lines (Figure 1, D–F).

Life span is increased in proportion to the increase genotype F � 0.74, P � 0.4161; group F � 8.86, P �
0.0177; cattype 
 group F � 1.59, P � 0.2428; geno-in MnSOD enzyme activity: Inspection of Tables 1 and

3 suggests that the largest increases in life span are type 
 group F � 0.43, P � 0.5304; cattype 
 genotype 

group F � 1.35, P � 0.2794.observed in the lines yielding the largest increases in

enzyme activity. Each transgenic line varies in its starting SOD overexpression and oxygen consumption: The
effect of SOD overexpression on metabolic rate of theenzyme activity and life span. Plotting the percentage

change in life span vs. the percentage change in enzyme flies was examined by assaying O2 consumption at time
points throughout the adult life span. In addition toactivity corrects for this variation. The plot reveals a

strikingly linear correlation between enzyme activity and the MnSOD lines, two Cu/ZnSOD lines were also exam-
ined, and reassay of enzyme activity and life span forboth mean and maximum life span for all six MnSOD

transgenic lines (Figure 2). Regression analysis demon- the Cu/ZnSOD lines yielded results essentially identical
to those previously reported (Sun and Tower 1999).strates that this relationship is significant for both en-

zyme activity and mean life span and enzyme activity ANOVA (materials and methods) was first used to
confirm that life span was significantly increased in bothand maximum life span. Results for mean life span were

R 2 � 0.9375, the intercept term was significant P � the Cu/ZnSOD and MnSOD overexpressing lines (Ta-
ble 4, genotypes 1–4) but was not increased in the Ore-0.0184, and the slope term was significant P � 0.0015.

Results for maximum life span were R 2 � 0.8283, the gon-R controls (genotype 5). When the two Cu/ZnSOD-
containing genotypes (Table 4, genotypes 1 and 2) wereintercept term was not significant P � 0.0790, and the

slope term was significant P � 0.0118. analyzed together for mean life span the increase was
significant: genotype F � 66.79, P � 0.0001; group F �Catalase overexpression is not associated with in-

creased life span: FLP-out using the FLP3 insertion al- 31.19, P � 0.0001; genotype 
 group F � 1.47, P �
0.2257. When the two MnSOD-containing genotypeslowed induced overexpression of catalase up to 37%,

as measured by enzyme assay of fly extracts (Table 1). (Table 4, genotypes 3 and 4) were analyzed together
for mean life span the increase was significant: genotypeIncreased catalase activity has previously been shown to

increase resistance to killing by H2O2 feeding, but to F � 140.28, P � 0.0001; group F � 71.39, P � 0.0001;
genotype 
 group F � 2.11, P � 0.1465. When all fourhave neutral or slightly negative effects on life span on

its own or when coexpressed with Cu/ZnSOD (Sun SOD-containing genotypes (Table 4, genotypes 1–4)
were analyzed together the increase was significant: ge-and Tower 1999). In the experiments presented here,

catalase was again found to have neutral or negative notype F � 536.17, P � 0.0001; group F � 102.63, P �
0.0001; genotype 
 group F � 7.16, P � 0.0001.effects on life span on its own (Table 3, genotype 10)

and to have neutral or negative effects on life span when Second, oxygen consumption was analyzed across all
five genotypes (Table 4) using a three-way factorial AN-coexpressed with MnSOD (Table 3, compare genotypes

1 and 5 with genotypes 10 and 11). The neutral or OVA with main effects of genotype, date of assay, and
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Figure 1.—Cumulative sur-
vival as a function of time for
selected control and MnSOD
overexpressing lines. The data
are presented for life span
assay, experiment 1, genotypes
1, 2, 4, 7, 8, and 9 of Table 3.
Circles, control flies; squares,
heat-pulsed flies. (A) mSODX1/
Y;FLP3/� genotype 1 of Table
3. (B) mSOD2C/�;FLP3/� ge-
notype 2 of Table 3. (C)
mSOD2A/�;FLP3/� genotype
4 of Table 3. (D) LacZ/FLP3
genotype 7 of Table 3. (E)
FLP3/� genotype 8 of Table
3. (F) Oregon-R genotype 9 of
Table 3.

group (Co vs. heat pulse). Results for oxygen consump- group” with results life span F � 0.05, P � 0.8322;
genotype F � 8.47, P � 0.0552; group F � 8.82, P �tion were genotype F � 7.16, P � 0.0001; group F �

12.54, P � 0.0005; genotype 
 group F � 0.94, P � 0.0591.
0.4433; date F � 3.61, P � 0.0001; genotype 
 date F �

The results revealed that heat pulse had a significant0.73, P � 0.7242; group 
 date F � 0.53, P � 0.9131;
negative effect on oxygen consumption across all fivegenotype 
 group 
 date F � 0.37, P � 0.9727.
genotypes and that there was a negative correlation be-Third, the relationship between life span and oxygen
tween life span and oxygen consumption. However, theconsumption was analyzed across all five genotypes (Ta-
analyses did not control for the different starting lifeble 4) using ANCOVA of the line means. The analysis
spans and oxygen consumption values of the variouswas done in three steps.
genotypes. These base line life spans and oxygen con-
sumption values are expected to correlate strongly andi. Correlation analysis of the means for oxygen con-

sumption and life span revealed a negative correla- may mask the effects caused by transgene expression.
The more appropriate analysis for the conditional sys-tion: �0.75497.

ii. A model of “oxygen consumption � genotype � tem was therefore to analyze the relationship between
the change in life span and the change in oxygen con-group” gave results genotype F � 26.84, P � 0.0038;

group F � 21.04, P � 0.0101. sumption caused by the heat pulse. An ANCOVA model
was used that combined a continuous independent vari-iii. Life span was included as a covariate in a model of

“oxygen consumption � life span � genotype � able (oxyper) with a categorical variable (genotype)



669MnSOD Increases Drosophila Life Span

Figure 2.—Correlation between MnSOD overexpression
and life span extension. For all six independent transgenic
lines, the percentage increase in MnSOD enzyme activity was
plotted vs. the percentage increase in mean life span (solid
circles, solid line; r 2 � 0.9375) and maximum life span (open
squares, dashed line; r 2 � 0.8283, 90% mortality); data are
from Tables 1 and 3.

as described in materials and methods. In this case
genotype had two values: experimental (genotypes 1–4
of Table 4) and control (genotype 5 of Table 4). Results
were genotype F � 11.36, P � 0.0434; oxyper F � 0.70,
P � 0.4651. Consistent with the analyses presented
above, there was a genotype effect, meaning the experi-
mental genotypes lived longer than control. In contrast,
the coefficient for oxygen was not significant, meaning
oxygen consumption was not a significant factor in in-
creasing life span in experimentals relative to control.
Therefore, increased life span was not associated with
decreased O2 consumption as is found when life span
is altered by culture temperature (Miquel et al. 1976).
The data support the conclusion that overexpression of
MnSOD or Cu/ZnSOD increases life span by a mecha-
nism that does not involve reductions in oxidative me-
tabolism.

DISCUSSION

To further test the theory that oxidative stress is a
major cause of aging, Drosophila were engineered to
overexpress the antioxidant enzyme MnSOD. The FLP-
out transgenic system yields transgene expression spe-
cifically in the adult in all tissues. The amount of
MnSOD enzyme overexpression achieved varied be-
tween six independent transgenic lines, with increases
up to 75%. Life span was found to be increased in
proportion to the increase in enzyme. Mean life span
was increased up to 33%, and maximum life span, as
measured by time to 90% mortality, was increased up
to 37%. Therefore, adult Drosophila life span is limited
by MnSOD activity, analogous to the results previously
obtained for Cu/ZnSOD (Parkes et al. 1998; Sun and
Tower 1999). Both Cu/ZnSOD and MnSOD were
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no detectable negative effect on metabolic activity. Co- creased life span while the heterologous expression sys-
tems do yield increased life span. It will be of greatoverexpression of catalase with MnSOD had no added

benefit for life span, consistent with the previous conclu- interest in the future to determine what are the unique
aspect(s) of the heterologous expression systems thatsion that catalase is in excess in the adult fly with regard

to life span (Sun and Tower 1999). allow for increased life span.
The present data for MnSOD and Cu/ZnSOD com-Interestingly, it has recently been reported that flies

transgenic for an extra copy of the native MnSOD gene bined with previous studies of Cu/ZnSOD (Parkes et
al. 1998; Sun and Tower 1999) demonstrate that SODdid not exhibit increased life span (Mockett et al.

1999). This difference in results is not due simply to activity is limiting for life span in the adult fly. Because
the primary catalytic activity of SOD is to convert super-a difference in the amount of enzyme overexpression

achieved, as the levels of enzyme overexpression ob- oxide to H2O2, the current data suggest that increased
life span results from more efficient conversion of super-served in whole fly extracts were similar to the levels of

overexpression observed here. We suggest two possible oxide and reduced superoxide levels. The first mecha-
nism by which superoxide levels might limit life span ismodels for the difference in results obtained with the

native promoter approach vs. the FLP-out approach. In by directly or indirectly causing oxidative damage to
cellular macromolecules and organelles. However, alter-the first model, MnSOD overexpression during develop-

ment is hypothesized to be deleterious and have nega- native mechanisms involving a negative signaling or reg-
ulatory effect of superoxide on life span or a positivetive effects on subsequent adult life span. The native

promoter approach is expected to result in overexpres- signaling or regulatory effect of H2O2 on life span cannot
be ruled out at this time. It will be of interest in thesion throughout the life cycle both during development

and in the adult. Negative effects of MnSOD overexpres- future to determine if overexpression of SOD and in-
creased life span correlate with decreased and/or de-sion during development might then cancel out any

positive effects on life span that might have otherwise layed accumulation of specific oxidative damage prod-
ucts as predicted by the first proposed mechanism.resulted from overexpression in the adult. In contrast,

with FLP-out MnSOD overexpression is specific to the Identification of specific cellular molecules that are pro-
tected from oxidative damage by both MnSOD and Cu/adult stage and therefore significant increases in life

span are observed. However, this model requires that ZnSOD overexpression may reveal critical life span-lim-
iting targets for oxidative damage during aging. Of par-the putative positive and negative effects of the native

promoter constructs be almost exactly equal to yield ticular interest may be mitochondrial aconitase and the
inner mitochondrial membrane protein adenine nucle-unchanged life span for both MnSOD and Cu/ZnSOD

(as described below)—a result that seems unlikely. The otide translocase (ANT). Both proteins appear to be
preferentially susceptible to oxidative damage duringsecond model, which we therefore favor, involves possi-

ble differences in the tissue specificity of expression. aging in houseflies (Yan et al. 1997; Yan and Sohal
1998).With the native promoter approach the tissue and tem-

poral specificity of overexpression is expected to be the The results presented here are consistent with previ-
ous and concurrent studies of genetically selected Dro-same as, or similar to, the native expression pattern. In

contrast, with FLP-out MnSOD overexpression is ulti- sophila strains. Selection of genetically heterogeneous
populations of Drosophila for late life female fecunditymately driven by the powerful, tissue-general actin5C

promoter. We hypothesize that the actin5C promoter over many generations results in populations with corre-
lated phenotypes of increased life span and increasedresults in a novel pattern of MnSOD transgene expres-

sion that results in increased life span. The actin5C pro- stress resistance (Luckinbill et al. 1984; Rose 1984;
Partridge and Fowler 1992). Detailed analysis of onemoter may drive MnSOD expression in some critical

cells or tissues where the native promoter is inactive or such selected strain and its matched control strain re-
veals that increased life span in this particular strainless active. This situation appears to be analogous to

that with Cu/ZnSOD. Overexpression of Cu/ZnSOD correlates with increased oxidative stress resistance and
increased expression of antioxidant enzyme genes, in-alone with the native promoter approach does not yield

increased life span, as previously reported (Orr and cluding Cu/ZnSOD and MnSOD (Arking et al. 1991,
2000). The results presented here are also consistentSohal 1993) and in extensive subsequent analyses of the

same and additional transgenic lines (B. Orr, personal with genetic selection experiments with regard to meta-
bolic activity. Metabolic activity was assayed in the se-communication). In contrast, overexpression of Cu/

ZnSOD with the heterologous FLP-out system or the lected and control population as well as an inbred long-
lived strain and inbred control strain derived from theheterologous Gal4/UAS system does yield increased life

span (Parkes et al. 1998; Sun and Tower 1999). In the selected and control populations. The results indicated
that while aerobic efficiency declined as a function oflatter case life span increase is associated with preferen-

tial expression of Cu/ZnSOD in the motorneurons. age in all flies, metabolic activity of the long-lived and
control strains was equal throughout the majority of theTherefore, for both Cu/ZnSOD and MnSOD overex-

pression using the native promoter does not yield in- life span (Arking et al. 1988; Ross 2000; Mockett et
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Huang, T. T., E. J. Carlson, I. Raineri, A. M. Gillespie, H. Kozyal. 2001). Therefore both genetic selection experiments
et al., 1999 The use of transgenic and mutant mice to study

and FLP-out overexpression of SOD appear to increase oxygen free radical metabolism. Ann. NY Acad. Sci. 893: 95–112.
life span by a mechanism that does not involve de- Huang, T. T., E. J. Carlson, A. M. Gillespie, Y. Shi and C. J. Epstein,

2000 Ubiquitous overexpression of CuZn superoxide dismutasecreased metabolic activity.
does not extend life span in mice. J. Gerontol. Biol. Sci. 55:It will be of interest to determine if SOD overexpres- B5–B9.

sion can extend life span in mammals. Consitutive over- Kaiser, M., M. Gasser, R. Ackermann and S. C. Stearns, 1997 P
element inserts in transgenic flies: a cautionary tale. Heredity 78:expression of Cu/ZnSOD has been achieved in mice;
1–11.however, no increases in life span have been observed Kenyon, C., 2001 A conserved regulatory system for aging. Cell 105:

(Huang et al. 2000). Analogous to the situation with 165–168.
Kirkwood, T. B. L., 1995 The evolution of aging. Rev. Clin. Geron-Drosophila, it may be found that inducible or tissue-

tol. 5: 3–9.specific expression systems (Li et al. 1999) will be re- Kirkwood, T. B. L., and S. N. Austad, 2000 Why do we age? Nature
quired to observe increased life span. Finally, in Caeno- 409: 233–238.

Li, Y., E. J. Carlson, K. Murakami, J. C. Copin, R. Luche et al., 1999rhabditis elegans and Drosophila, and possibly also in
Targeted expression of human CuZn superoxide dismutase geneyeast and mammals, a conserved insulin-like signal trans-
in mouse central nervous system. J. Neurosci. Methods 89: 49055.

duction pathway negatively regulates life span (Kenyon Luckinbill, L. S., R. Arking, M. Clare, W. Cirocco and S. Buck,
1984 Selection for delayed senescence in Drosophila melanogaster.2001). In C. elegans the increased life span is associated
Evolution 38: 996–1003.with increased expression of the gene encoding mito-

Mackay, W. J., and G. C. Bewley, 1989 The genetics of catalase in
chondrial MnSOD (Honda and Honda 1999). The data Drosophila melanogaster. Isolation and characterization of acatala-

semic mutants. Genetics 122: 643–652.presented here demonstrate that in Drosophila MnSOD
Martin, G. M., S. N. Austad and T. E. Johnson, 1996 Geneticoverexpression is sufficient to significantly increase life

analysis of ageing: role of oxidative damage and environmental
span. These results suggest the possibility that increased stresses. Nat. Genet. 13: 25–34.

Miquel, J., P. R. Lundgren, K. G. Bensch and H. Atlan, 1976 Ef-MnSOD expression may be responsible for all or part
fects of temperature on the life span, vitality and fine structureof the life span increases observed upon mutation of
of Drosophila melanogaster. Mech. Ageing Dev. 5: 347–370.

the conserved insulin-like life span regulatory pathway Mockett, R. J., W. C. Orr, J. J. Rahmandar, J. J. Benes, S. N. Radyuk
in C. elegans, Drosophila, and perhaps other species. et al., 1999 Overexpression of Mn-containing superoxide dismu-

tase in transgenic Drosophila melanogaster. Arch. Biochem. Biophys.
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