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SUMMARY
Oxygen provides the substrate for most ATP production, but also serves as a source of reactive oxygen species (ROS), which can
induce cumulative macromolecular oxidative damage and cause aging. Pure oxygen atmospheres (100kPa) are known to strongly
reduce invertebrate lifespan and induce aging-related physiological changes. However, the nature of the relationship between
atmospheric oxygen, oxidative stress, and lifespan across a range of oxygen levels is poorly known. Developmental responses
are likely to play a strong role, as prior research has shown strong effects of rearing oxygen level on growth, size and respiratory
system morphology. In this study, we examined (1) the effect of oxygen on adult longevity and (2) the effect of the oxygen
concentration experienced by larvae on adult lifespan by rearing Drosophila melanogaster in three oxygen atmospheres
throughout larval development (10, 21 and 40kPa), then measuring the lifespan of adults in five oxygen tensions (2, 10, 21, 40,
100kPa). We also assessed the rate of protein carbonyl production for flies kept at 2, 10, 21, 40 and 100kPa as adults (all larvae
reared in normoxia). The rearing of juveniles in varying oxygen treatments affected lifespan in a complex manner, and the effect
of different oxygen tensions on adult lifespan was non-linear, with reduced longevity and heightened oxidative stress at extreme
high and low atmospheric oxygen levels. Moderate hypoxia (10kPa) extended maximum, but not mean lifespan.
Key words: metabolism, oxygen, aging, lifespan, protein carbonylation, Drosophila melanogaster.

INTRODUCTION

Organisms and tissues can be exposed to varied atmospheric oxygen
levels across space and evolutionary time. Hypoxia (atmospheric
PO2<21kPa) can occur at high altitudes, in soils, burrows and
eutrophic waters, and tissues can experience PO2 below normal when
gas exchange fails to match tissue needs (e.g. hypoventilation,
ischemia). Relative hyperoxic conditions (atmospheric PO2>21kPa)
can occur in environments where oxygen has been enriched by
photosynthesis (e.g. sunlit algal pools), and tissues can experience
higher than normal PO2 when gas exchange exceeds tissue needs
(e.g. hyperventilation, reperfusion injury). The atmospheric oxygen
levels of Earth have varied quite dramatically over evolutionary time,
from near zero to over 30kPa, with hypothesized effects on many
aspects of organic evolution (Berner et al., 2007). Aerobic life forms
use oxygen for cellular ATP production. However, a consequence
of this use is the formation of mitochondrial reactive oxygen species
(ROS) (Turrens, 2003), which can damage biomolecules and
influence the rate of senescence of organisms (Harman, 1956).
Nonetheless, the complex dynamics between oxygen concentration,
oxidative damage and senescence remain largely unclear.
Data to date suggest that both extreme hyperoxia and extreme
hypoxia can induce increased oxidative stress. Rearing in pure
oxygen (100% O2) has been shown to increase the rate of ROS
production (Beckman and Ames, 1998; Chance et al., 1979), levels
of carbonylated (oxidized) proteins in houseflies (Sohal et al., 1993;
Sohal and Dubey, 1994) and mitochondrial damage in Drosophila
(Walker and Benzer, 2004). Moreover, pure oxygen is linked to the
oxidative injury of mitochondrial enzymes such as cytochrome c
oxidase (complex IV) (Walker and Benzer, 2004), aconitase and
adenine nucleotide translocase (Das et al., 2001; Yan and Sohal,
1998), and induces brain damage (Kloek et al., 1978; Philpott et

al., 1974), apotosis (Oh et al., 2008) and lung damage (Bin-Jaliah
et al., 2009; Pace et al., 2009). Similarly, extreme hypoxia, and
hypoxia followed by reoxygenation (reperfusion), can promote free
radical production in vivo, as well as many types of oxidative injury
(Chandel et al., 1998; Dirmeier et al., 2002; Duranteau et al., 1998;
Yamamoto et al., 2006). Reported oxidative stress in both 100%
oxygen atmospheres and extreme hypoxia suggests that the
relationship between atmospheric oxygen level and oxidative
damage is non-linear and perhaps parabolic in shape. However,
because no studies have yet examined the effect of a wide range of
atmospheric oxygen levels on oxidative stress in any single
organism, the nature of the relationship between atmospheric
oxygen level and organism-level oxidative stress is currently
unclear.
Similarly, the shape of the relationship between atmospheric
oxygen level and aging is unclear. Rearing in hyperoxia (Table1)
reduces the lifespan of invertebrates such as C. elegans and
Drosophila (Baret et al., 1994; Honda et al., 1993; Sohal et al., 1993)
(Table1). In vertebrates, to our knowledge, studies examining the
effects of hyperoxia on lifespan are lacking, but cell culture studies
have generally supported the concept that higher oxygen tensions
increase the accumulation rate of age-related defects (von Zglinicki
et al., 1995). But the relevance of cell culture lifespan to whole
organism lifespan is questionable, which further highlights the need
for organismal-level studies. Conversely, hypoxia effects on lifespan
are not well studied and seem to differ between vertebrate and
invertebrate models, and within cultured cells (Table1). Low
oxygen tension lengthened the lifespan of human diploid fibroblasts
(Chen et al., 1995), but reduced the lifespan of human CD4 and T
cell clones (Duggan et al., 2004). Mice showed a lifespan reduction
in hypoxia and detrimental physiological changes such as severe
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Table 1. Summary of studies examining ambient oxygen effects on organismal lifespan
Organism

Caenorhabditis elegans
Drosophila melanogaster

Musca domestica
Mus musculus (C57BL/6 strain)

Common name

PO2

Lifespan

Roundworm
Fruit fly

Hyperoxia
Hypoxia
Hyperoxia

Reduced
Increased
Reduced

House fly
Mouse

Hypoxia
Hyperoxia
Hypoxia

Reduced
Reduced
Reduced

weight loss, trembling and polycythemia (Debonneuil et al., 2006).
Conversely, low oxygen tensions have been shown to lengthen the
lifespan of C. elegans (Honda and Honda, 2002). In Drosophila,
the few studies regarding hypoxia and lifespan found contradictory
results. Vigne and Frelin (Vigne and Frelin, 2006) showed that fruit
flies reared in 5kPa PO2 had a shorter lifespan, whereas Strehler
(Strehler, 1962) contended that Drosophila lifespan is extended in
1kPa PO2. A collective examination of these results suggests that
the effects of atmospheric oxygen on longevity, similar to the effects
of oxygen on oxidative damage, can be non-linear and possibly
parabolic in shape. However, this has never been empirically
demonstrated in any organism.
To address these complex dynamics between oxygen, oxidative
stress and lifespan, we examined the effect of varying oxygen levels
(2, 10, 21, 40 and 100kPa PO2) on longevity and oxidative damage
accumulation rate of adult male D. melanogaster. Protein
carbonylation was chosen as a marker of oxidative stress as injury
to proteins may interfere with cellular homeostasis and with the
antioxidant defense process itself (Dalle-Donne et al., 2003).
Oxidative stress affects protein oxidation in a wide variety of species
including Drosophila (Sohal, 2002; Stadtman and Levine, 2000),
but no prior studies have examined the effect of a broad range of
ambient PO2 values on the production of carbonylated proteins in
any species.
Organisms exhibit many physiological and developmental
responses to changes in atmospheric oxygen level. Physiological
responses include variation in ventilation and behavior, and changes
at the molecular level. Many insects respond to variation in
atmospheric oxygen level by varying the degree of spiracular
opening, convective ventilation, and/or the level of fluid in the
tracheoles (Harrison et al., 2006). It was recently proposed that
discontinuous gas exchange in insects, a cyclical respiratory pattern
characterized by three spiracular phases (closed, flutter, open), may
function primarily to maintain low internal PO2 levels to prevent
oxidative damage (Hetz and Bradley, 2005). Although Drosophila
do not breathe discontinuously, they can alter convective oxygen
delivery (Lehmann et al., 2000). Further, hypoxic exposure during
development causes the induction of Hypoxia Inducible Factor
(HIF), a transcription factor that mediates a variety of responses to
hypoxia including tracheal proliferation and cell growth (Centanin
et al., 2008; Lavista-Llanos et al., 2002).
Such physiological and developmental responses complicate
predictions about how hyperoxia and hypoxia will affect oxidative
stress and aging. Rearing larval Drosophila in hypoxic conditions
increases the diameter of tracheal tubes (oxygen delivery tubes)
(Henry and Harrison, 2004) and augments the number of tracheoles
(Jarecki et al., 1999), which could potentially lead to a higher tissue
PO2 at any given ambient PO2, heightened ROS production, and an
ultimate reduction of lifespan. Conversely, larvae reared in hyperoxia
have reduced tracheal diameters and fewer tracheoles (Jarecki et al.,
1999; Henry and Harrison, 2004), which could possibly lower tissue
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PO2 at any given ambient PO2, and hypothetically cause a lengthening
of lifespan for flies exposed to hyperoxia as adults. Atmospheric
oxygen level also alters adult body size in D. melanogaster; for
oxygen tensions below 21kPa PO2, body size linearly decreases in
Drosophila (Peck and Maddrell, 2005) but above 21kPa and up to
40kPa PO2, body size slightly increases (Frazier et al., 2001), although
this may be the result of selection during a single generation rather
than a result of developmental plasticity (Klok et al., 2009). It seems
possible that these body size differences could alter the rate of
senescence due to accompanying changes in metabolic rate. The level
of atmospheric oxygen is also likely to affect the concentrations of
oxygen radical detoxification enzymes (Benedetti et al., 2004;
Magalhaes et al., 2004), and could potentially affect genes and
enzymes involved in repair of oxidative damage. Finally, it is possible
that oxidative damage associated with higher atmospheric oxygen
levels is cumulative, carrying over from juvenile to adult stages and
reducing adult longevity. Although most adult tissues of
holometabolous insects develop from imaginal discs, some adult
tissues are directly derived from juvenile cells (Weaver and Krasnow,
2008), providing a mechanism for the transfer of oxidative damage
from the juvenile to adult. To begin to address the complex question
of how developmental responses to varying atmospheric oxygen
levels can affect the senescence of adults at multiple atmospheric
oxygen levels, we compared the longevity of D. melanogaster reared
as juveniles (egg to eclosion) in 10, 21 and 40kPa PO2 and exposed
as adults to 2, 10, 21, 40 or 100kPa PO2. Furthermore, we measured
the lifespan and rate of protein carbonyl production for adults reared
in 2, 10, 21, 40 and 100kPa PO2, when all larvae were reared in
normoxia.
MATERIALS AND METHODS
Maintenance of flies and oxygen rearing

Wild-type Drosophila melanogaster Meigen of Oregon-R strain
were purchased from Carolina Biological Supply (Burlington, NC,
USA). Upon receipt and prior to beginning our experiments, flies
were randomly mated and reared in standard conditions [25±1°C,
12h:12h L:D cycle, 21kPa PO2 (normoxia)] for three generations
on ad libitum medium containing water, dextrose, cornmeal, yeast
and Tegosept. During this period, antibiotics (tetracycline, alternated
with rifampicin, 0.02% and 0.002%, respectively) were used to rid
cultures of possible Wolbachia infection.
For the juvenile and adult oxygen rearing study, fruit flies were
reared from egg to adulthood in seven 237ml bottles (Genesee
Scientific, CA, USA). The founding population of each bottle
consisted of approximately 35 mating pairs (obtained randomly)
on 40ml of medium. Flies were given 3.5days to mate and oviposit.
This procedure is well-suited to account for the low fecundity of
this particular strain (Kaliss and Graubard, 1936) and the resultant
population densities are in the range of those that are known not
to have an effect on fitness components such as longevity and body
size (Graves and Mueller, 1993; Miller and Thomas, 1958; Sorensen
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and Loeschcke, 2001). Newly eclosed (<12-h-old) male offspring
were then transferred to 25mm5⫻95mm food-containing glass
vials (Genesee Scientific, San Diego, CA, USA) for the longevity
assay, which was conducted in duplicate. A fruit fly cannot mate
until its cuticle has hardened, and our experience indicates that when
males are collected within 12h, the vast majority are virgins. Male
and female flies have different stress susceptibilities (Sorensen and
Loeschcke, 2001), so it is important to note that the results of these
experiments might differ if females or mated individuals had been
used.
Fly bottles were placed inside Plexiglas chambers, each of which
were regulated at a test PO2 by a ROXY-8 oxygen regulation
system (Sable Systems, Las Vegas, NV, USA). This system
monitored chamber PO2 approximately every 30min and controlled
the ratio of O2 to N2 within 0.5% of the setpoint. Relative humidity
within the chambers was not regulated, but was monitored by Hobo
data loggers (Onset, Bourne, MA, USA), and averaged near 90%.
For handling purposes, fruit flies were cold anesthetized at 4°C.
Cold rather than CO2 anesthesia was used to avoid nonexperimental exposure of flies to intermittent hypoxia and/or
anoxia, as ambient oxygen was the primary experimental variable
measured.
Experiment 1

In order to quantify the effect of varying oxygen environments on
the mortality dynamics of adult flies, larvae were reared at three
PO2 levels (10, 21 or 40 PO2) and were then maintained in five
PO2 levels during the adult stage (2, 10, 21, 40 or 100 PO2; Fig.1).
Newly eclosed (<1-day-old) male offspring were transferred to
25mm⫻95mm food-containing glass vials within their respective
adult PO2 levels. To ensure that a random population of males was
used for each of the adult test PO2 levels, all male flies were pooled
by juvenile PO2 and were assigned to test vials. Each vial contained
30 male flies. Identically prepared duplicate test vials were included
to control for inter-vial variation (Fig.1). Every 5days, flies were
transferred to new vials with fresh food and dead flies were
removed.
Lifespan measurements

Flies were monitored and times of death were recorded for all
individuals (N900, approximately N60 for each juvenile PO2 and
adult PO2 treatment combination) approximately every 12–24h until
the last fly was observed dead. Individuals that died as a result of
an accident during routine transfers (<0.6% of total) were not
included in the data analysis. Individual lifespans were calculated
as the midpoint between the last two temporal observations for any
fly.
Experiment 2: protein carbonylation

In Drosophila, protein carbonyl levels tend to increase during
aging (Toroser et al., 2007). To obtain an index of oxidative stress
across PO2 groups in adults, we measured the rate of carbonylated
protein production in median-aged flies maintained in 2, 10, 21
and 100 PO2; N5 per PO2; see Table4). For sample collection,
juveniles were reared from egg to adulthood in 21kPa PO2. As in
Experiment 1, newly emerged males were transferred to 2, 10, 21
or 100kPa and were maintained as previously described (see Fig. 1).
With the exception of the 100kPa PO2 group, flies were sampled
at their median ages obtained from Experiment 1. Flies reared in 2
and 100kPa PO2 were measured at 7days of age, whereas those
reared at 10 and 21kPa PO2 were measured at 27–28 days of age.
Flies were collected and flash frozen using liquid N2.

10

21

40

3443

Juvenile PO2
N=30 么/vial

2.5 10 21 40 100 2.5 10 21 40 100 2.5 10 21 40 100 Adult
PO2

Fig.1. Design for longevity experiment (Experiment 1). Flies were reared
from egg to newly emerged adults at 10, 21 or 40kPa PO2 in replicate
bottles for each juvenile PO2. Thereafter, all the available newly eclosed
(<12h) male offspring were transferred to 25mm⫻95mm food-containing
glass vials and placed in 2, 10, 21, 40 or 100kPa PO2, with two replicate
vials of 30 flies each for each adult PO2 and juvenile PO2 treatment
combination.

Protein carbonyl levels were measured using a dinitrophenylhydrazine (DNP)-based enzyme-linked immunosorbent assay
(ELISA) kit (Biocell Corporation; Auckland, New Zealand). All
chemicals were either included in the ELISA carbonylation kit or
purchased via Sigma-Aldrich, unless otherwise specified. Each
sample was composed of 15 fruit flies. Briefly, five samples (per
PO2 tested) were homogenized in 200l of cold 50mmoll–1 sodium
phosphate buffer (pH7.4) containing 1% Triton X-100 and a cocktail
of protease inhibitors (Roche, Indianapolis, IN, USA). Thereafter,
samples were precipitated with ice-cold 28% (w/v) TCA as specified
by the kit manufacturer’s low protein procedure. Next, 5-l samples
were derivatized with DNP for 45min and then proteins were
adsorbed to the wells of the 96-well ELISA plate overnight in 37°C.
Each well was then subsequently washed five times with wash buffer
(included in kit) to remove unreacted DNP. Following the blocking
of non-specific sites with the kit blocking agent for 30min at room
temperature, proteins were incubated with a primary anti-DNP-biotin
antibody for 1h at 37°C. As above, all cells were subsequently
washed five times. Thereafter, the immunocomplex (DNP-conjugated
proteins and anti-DNP) was incubated with streptavidin-linked
horseradish peroxidase for 1h at room temperature. After washing
all plate wells five times, 200l of chromatin kit reagent was added
to initiate the peroxidation of 3,3⬘,5,5⬘-tetramethylbenzidine (TMB).
The oxidation of TMB with horseradish peroxidase produces a color
change that allows for the detection and quantification of protein
carbonyls. The 96-well sample ELISA plate was then read at 450nm
using an xMark microplate spectrophotometer (Bio-Rad, Hercules,
CA, USA). Protein carbonyl content (nmolmg–1) was determined
from a standard curve based on values obtained from the oxidized
albumin carbonyl controls included in the ELISA kit and the rate
was calculated.
Statistical analyses

Individual lifespan data were analyzed using the survival and time
failure analysis module in STATISTICA 6.0 (Statsoft). No significant
differences were found among duplicate test vials for Experiment
1 within the same adult PO2 group when the t-test was employed,
so these were pooled within treatments. The multi-sample survival
test (MS test) was used to compare survival in multiple oxygen
groups and assess the overall significance of juvenile PO2 and adult
PO2 on lifespan. Thereafter, a two-sample survival test, Cox’s Ftest, was used to test for significant differences between normoxic
(21kPa control) atmospheres and all other PO2 treatment groups.
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Fig.2. Rearing juvenile PO2 significantly affected adult
lifespan when adult flies were kept in (A) 10, (B) 21 or (C)
100kPa PO2. Adult maintenance PO2 levels appear above
figures. The different rearing PO2 are shown in different
colors (10kPa, blue; 21kPa, red; 40kPa, green). Asterisks
indicate significant differences in survival from that at
21kPa PO2 (Cox’s F-test; Table2).
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The Kaplan–Meier estimator was used to approximate the survival
function for fly populations in distinct oxygen groups (data shown
as Kaplan–Meier estimator graphs). Protein carbonylation data were
analyzed using the Kruskal–Wallis ANOVA test, and the
Mann–Whitney U-test was used to test for significant differences
between oxygen groups. Quantitative differences were considered
significant if -values were less than 0.05.
RESULTS
Effect of juvenile ambient oxygen on lifespan

Juvenile oxygen levels significantly affected longevity of adult flies
tested at 10, 21, and 100kPa PO2 [Fig.2A-C; multi-survival (MS)
tests: 10kPa PO2 212.28, P0.002, N165; 21kPa PO2 219.04,
P<0.001, N165; 100kPa PO2 222.27, P<0.001, N180). For flies
maintained as adults in 10 or 21kPa PO2, lifespan was longer if they
had been reared in 21kPa PO2 than if they had been reared in either
10 or 40kPa PO2 (Fig.2; Table2). When adult flies were tested in
100kPa PO2, rearing in 10kPa PO2 (moderate hypoxia) extended
lifespan, whereas rearing in 40kPa PO2 (moderate hyperoxia)
reduced lifespan, relative to those raised in 21kPa PO2 (Fig.2;
Table2). Rearing in 10 and 40kPa PO2 reduced adult lifespan in
10kPa PO2 relative to flies reared in 21kPa PO2 (Fig.2; Table2).

Table 2. Summary of two-sample post-hoc comparisons for
Experiment 1 using Cox’s F-test comparing survival for adults that
were exposed to 10 or 40kPa PO2 as juveniles with those raised in
21kPa PO2
Juvenile PO2
10 vs 21
Adult PO2 Fig. 2
10
21
100

B
C
D

Effect of adult ambient oxygen on lifespan

The lifespan of flies reared in normoxia as juveniles was significantly
affected by adult PO2 (MS test: 2196.03, P<0.001, N284; Fig.4).
Lifespan was significantly reduced in 100, 40 and 2kPa PO2 and
was extended in 10kPa PO2 compared to adult flies kept in 21kPa
PO2 (Fig.4; Table3). The survival curves for flies in 10kPa PO2 and
21kPa differed significantly (Cox’s F-test; P-values in Table3).
Maximum lifespan was extended by 18% in 10kPa PO2 compared
with normoxic controls, but mean lifespans were similar (Fig.4;
Table4). In this study, mean and maximum lifespan of males (N60)
at 21kPa PO2 were 26days and 39days, respectively (Table4).
Although these lifespans were low relative to some other studies
(Shen et al., 2009), they are similar to previously reported lifespan
data on the Oregon-R strain (Lints et al., 1989). The oxygen level
experienced by the larvae probably affected survival (Frazier et al.,
2001) and density, which could affect lifespan. To partially test for
this possibility, we tested the effect of population density on body
size, a fitness component that is associated with density-dependent

Table 3. Summary of two-sample post-hoc comparisons for
Experiment 1 using Cox’s F-test for adults kept in 2, 10, 40 or
100kPa PO2 vs control adults kept in 21kPa PO2
Adult PO2

40 vs 21

d.f.

F

P

d.f.

F

P

94, 116
120, 90
120, 120

1.670
1.749
1.407

0.004
0.003
0.031

94, 120
120, 120
120,120

2.223
1.367
1.379

0.000
0.044
0.040

P-values correspond to differences shown in Fig. 2.

Adult fruit flies in 2kPa PO2 died quickly regardless of their
oxygen conditions when juveniles (MS test: 24.61, P0.10,
N175; Fig.3A). Similarly, adults placed in 40kPa PO2 died at
approximately 15days regardless of the PO2 they experienced as
juveniles (MS test: 20.92, P0.63, N178).

2
10
40
100

d.f.

F

P

120, 114
120, 114
120, 114
120, 120

5.129
1.512
2.398
5.227

0.000
0.016
0.000
0.000

All juveniles (eggs, larvae, pupae) were reared in 21kPa PO2.
P-values correspond to differences shown in Fig. 3.
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Fig.3. Rearing PO2 had no significant effect on
adult lifespan when adult flies were kept in (A) 2
or (B) 40kPa PO2. The different rearing PO2 are
shown in different colors (10kPa, blue; 21kPa,
red; 40kPa, green).
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changes in longevity (Miller and Thomas, 1958). Body sizes were
unaffected by a 10⫻ variation in the larval population densities
centered around the larval densities utilized in this study (regression
of male body mass on density, F1,1421.56, r20.01, P0.21).
Protein carbonylation in adults

Adult PO2 affected the rate of protein carbonyl accumulation for
flies reared in 21kPa PO2 [normoxia; Kruskal–Wallis test; H (3,
N20)14.8, P0.002; Fig.5]. Fruit flies maintained at 2 or
100kPa PO2 as adults accumulated carbonylated proteins at a
higher rate than those kept at intermediate PO2 values (Fig.4). Rates
of protein carbonylation did not differ statistically for flies reared
at 2 or 100kPa PO2 (Mann–Whitney U-test; P0.55). Individuals
kept in 21kPa PO2 accumulated carbonylated proteins at a lower
rate than those kept in 10kPa PO2 (Mann–Whitney U-test;
P0.008).
DISCUSSION
Effects of adult PO2 on longevity and oxidative stress

Rearing ambient oxygen levels had non-linear effects on fruit fly
lifespan for larvae reared in normoxia, with the optimal PO2
concentration for longevity being moderately hypoxic (10kPa,
Fig.4). Our whole-body protein carbonylation results also showed
a non-linear, parabolic response to varying oxygen, with
heightened rates of carbonyl accumulation at extreme levels of
hypoxia (2kPa) and hyperoxia (100kPa) relative to adults reared
in moderate hypoxia (10kPa) and normoxia (Fig.5). The fact that
lifespan and protein carbonylation rates show similar parabolalike patterns with ambient oxygen provides support for the
hypothesis that accumulated ROS-induced damage accelerates the
process of aging. Here we also show that the rearing of Drosophila
in moderate hypoxia can alter survival characteristics of adults by
lengthening maximum, but not mean lifespan. Oxygen that is
moderately low, but still permits ATP synthesis, may reduce ROS
production in the mitochondria and enhance longevity by

20

25

30

35

increasing mitochondrial efficiency and decreasing leak rates
(Gnaiger et al., 2000). However, the accumulation rate of protein
carbonyls was slightly higher in 10kPa PO2 in comparison to
carbonylation levels for normoxic controls, so factors other than
a general reduction of oxidative damage must be responsible for
the lifespan extension in moderate hypoxia. In larvae, 10kPa PO2
can reduce feeding rates (Frazier, 2007); if a similar effect occurs
in adults, longevity extension might be related to reduced caloric
intake of these flies.
Negative effects of hypoxia

Moderate hypoxia may have some beneficial organismal
consequences, but extreme hypoxia can have detrimental outcomes
on growth and lifespan. In addition to increased rates of oxidative
damage and reduced lifespan, flies exposed to 2kPa PO2 probably
experienced hypoxic suppression of developmental and growth
processes, and the reduction of ATP synthesis. Both larvae and adults
demonstrate suppression of metabolic rates with critical PO2 values
in the range of 1–3kPa (Klok et al., 2010; Van Voorhies, 2009).
Thus, at 2kPa PO2, it is likely that ATP production is limited, with
subsequent effects on processes such as protein synthesis, turnover
and repair.
The elevation in oxidative damage observed in flies exposed to
extreme hypoxia may be partly due to increased nitric oxide
production in hypoxic flies (Wingrove and O’Farrell, 1999). Nitric
oxide can contribute to mitochondrial superoxide formation
(Yamamoto et al., 2006), and bind to and inhibit cytochrome oxidase,
thereby causing the reduction of upstream electron carriers and
favoring additional superoxide formation (Cooper and Davies,
2000).
Hypoxia survivorship heterogeneity

An interesting feature of the adult survivorship pattern occurred
at approximately day 27 when a crossover point between the
survival of the 21kPa and the 10kPa PO2 group was observed

Table 4. Survivorship of adults kept in 2, 10, 21, 40 or 100kPa PO2 in Experiment 1
Adult PO2 (kPa)

N

Mean

Median

Minimum

Maximum

Variance

s.d.

s.e.m.

2
10
21
40
100

57
47
60
60
60

7.396
27.456
26.439
21.759
3.932

6.650
28.257
26.701
23.597
3.946

2.764
0.844
3.802
3.593
0.116

10.201
46.035
39.264
28.257
5.012

5.277
140.736
59.513
38.164
1.383

2.297
11.863
7.714
6.178
1.176

0.304
1.730
0.996
0.798
0.152

Values are days.
All juveniles (eggs and larvae) were reared at 21kPa PO2.
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Fig.4. (A) The effect of adult PO2 on survival for flies
reared in 21kPa PO2 (normoxia) as juveniles.
Lifespan was extended in 10kPa PO2, was
moderately reduced in 40kPa PO2, and severely
reduced in 2 and 100kPa PO2. Asterisks indicate
significant differences in survival from 21kPa PO2
controls (Cox’s F-test; P-values in Table3).
(B) Parabolic relationship between mean adult
lifespan and PO2 for flies reared in 21kPa PO2.
Values are means ± s.e.m. and whiskers denote
standard deviation.
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(Fig.4). This crossover point may demarcate two separate
subcohorts within the 10kPa PO2 population, one with higher death
rates in response to hypoxia than the other. Once individuals with
higher sensitivity to hypoxia perish, the demography of the
population appears to become a more selected one consisting of
individuals with an increased capacity to cope with hypoxia (Carey,
2003). One possible explanation for the crossover phenomenon
observed may involve hormesis, a phenomenon in which low
potency stressors produce beneficial biological responses in some
individuals (Rattan, 2008). In this particular case, 10kPa PO2 may
have acted as a moderate stressor for the adults that remained alive
after the crossover point. This moderate stressor may have set a
cascade of compensatory actions (e.g. increased tracheolar
proliferation) into motion that could have subsequently conferred
increased survival rates to this subpopulation. In support of this
concept, Schulz et al. (Schulz et al., 2007) found that glucose
restriction in C. elegans heightened mitochondrial metabolism,
oxidative stress, ROS formation, antioxidant level and survival
rates presumably as a result of mitochondrial hormesis. In support
of this hypothesis, the 10kPa PO2 population exhibited greater
variation in lifespan than normoxic controls (Table4; F-test;
F2.074, 41, 59, P0.005).
Effects of juvenile PO2 on adult longevity

Juvenile PO2 had significant, but complex and non-linear effects on
adult longevity (Figs2 and 3). For adults maintained at 10 or 21kPa
PO2, those that had been reared in 10 or 40kPa, had shorter lifespans
than flies reared in 21kPa PO2 (Fig.2; Table2). Adults maintained
at 100kPa PO2 had shorter lifespans the higher the rearing PO2 (Fig.2;
Table2). Adults maintained at 2 or 40kPa PO2 showed no effect of
rearing PO2 on adult lifespan (Fig.3). The effects of rearing PO2
probably involves changes in tracheal structure, protein turnover
and repair, endocrine regulation, body size, and metabolic rate, all
of which may affect lifespan. Without the careful study of the
multiple mechanisms potentially involved, it is impossible to
determine the interactions for these non-linear responses. The
shorter lifespan of flies reared in 10 or 40kPa PO2 and then
maintained as adults in 10 or 21kPa PO2 compared with control
flies that were continuously reared in normoxia, could be due to
higher rates of oxidative damage since the least oxidative damage
occurred in flies reared in 21kPa PO2 (Fig.4). Alternatively or
additionally, this pattern could be due to costs associated with
compensatory changes initiated by rearing in a novel PO2 (e.g.
alterations in gene expression and protein allocation). Careful
physiological measures of the relevant systems will be necessary
to resolve these questions. One major question is: to what extent
do physiological responses observed in larvae carry over to adults?
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For example, does larval PO2 affect adult tracheal system structure,
mitochondrial characteristics, and levels of tissue antioxidants?
Secondly, the degree of plasticity of such systems to ambient PO2
within adults is unknown.
It is possible that accumulated developmental oxidative damage
could be transferred to adults via an epigenetic process that would
alter gene expression, as was suggested in an early version of the
free radical theory of development (Hitchler and Domann, 2007).
In general, mutations are kept at a minimum during development
to ensure organismal viability, but some developmental studies
focused on glutathione modifications in Drosophila and in a slime
mold, indicate that an oxidizing or reducing environment could
potentially affect differentiation (Sohal and Allen, 1985; Sohal et
al., 1986). Thus, although the effects of oxygen on gene expression
during early development are not well known, it is possible that
adult lifespan patterns could stem from oxygen and ROS influences
on gene activity during development, especially in holometabolous
insects like D. melanogaster.
Different oxygen environments (10, 21 or 40kPa) experienced
by larvae may have led to altered population densities since eggto-adult survival is reduced in 10kPa PO2 (Frazier et al., 2001), and
atmospheric oxygen level may affect egg-laying rate. Since high
larval density can reduce longevity (Graves and Mueller, 1993),
this could account for some of the effects of juvenile PO2 on adult
longevity. For example, such an effect could explain the enhanced
longevity of flies reared in 10kPa PO2 compared with other treatment
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Fig.5. Protein carbonylation rate differed in adults maintained at 2, 10, 21
or 100kPa PO2 (Kruskal–Wallis ANOVA; P0.002; all juveniles reared in
21kPa PO2). Data are presented in medians and quartiles. Different letters
above box plots denote significant differences (post-hoc Mann–Whitney
U-tests).
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Non-linear oxygen effects on lifespan
groups when adults were kept in a PO2 of 10 or 100kPa (Fig.2).
However, variation in larval population densities cannot explain the
general non-linear pattern we observed for effects of oxygen on
lifespan (Fig.4) since this pattern was observed when the egg-laying
mother and all larvae experienced identical rearing environments
of 21kPa (normoxia) prior to exposure to oxygen test levels (2, 10,
21, 40, 100kPa). Furthermore, high larval densities are known to
decrease body mass in D. melanogaster (Barker and Podger, 1970;
Miller and Thomas, 1958). Miller and Thomas noted effects of larval
density on longevity and found this to be true when densities were
high enough to reduce the size of adult flies (Miller and Thomas,
1958). However, the fact that a 10⫻ variation in larval population
density (based on standard measures used here) did not affect adult
body mass, suggests that the range of larval densities that occurred
in this study were not stressful.
Many factors affect longevity, including potential trade-offs
between investment in somatic maintenance and reproduction,
mediated by hormonal pathways (Hwangbo et al., 2004; Tatar et
al., 2003). At present, it is unknown how ambient PO2 affects
reproduction or insulin-dependent signaling, both of which are
known to strongly influence lifespan. However, ambient PO2 is
known to affect body size, growth rates, developmental rates and
cell cycle duration in Drosophila (reviewed by Harrison et al.,
2006). It seems possible that the aforementioned developmental
responses to ambient PO2 could be mediated by insulin and/or
TOR-dependent signaling (Corradetti and Guan, 2006), which
may explain some or all of the lifespan effects shown in the
present study. The demonstration of a parabolic effect of PO2 on
oxidative damage and lifespan in flies reared in normoxia as
juveniles, as well as the strong but complex effects of juvenile
oxygen levels on adult lifespan, suggests that the manipulation
of atmospheric oxygen levels may provide a powerful tool for
the experimental evaluation of the aging mechanisms and
developmental plasticity of organisms.
ACKNOWLEDGEMENTS
We wish to dedicate this work to the life of Linda Bedolla Rascón. We thank two
anonymous reviewers for constructive criticism; Brian Brown and Megan Kearl for
technical assistance; Gro Amdam, Sydella Blatch, Joanna Henry, John
VandenBrooks and Florian Wolschin for feedback on an early version of the
manuscript. This work was partially supported by an NSF Fellowship (HRD0114712) granted to WAESO at ASU and subsequently awarded to support B.R.’s
MS thesis, and by a NSF grant (NSB IOB 0419704) to J.F.H.

REFERENCES
Baret, P., Fouarge, A., Bullens, P. and Lints, F. A. (1994). Life-span of Drosophila
melanogaster in highly oxygenated atmospheres. Mech. Ageing Dev. 76, 25-31.
Barker, J. S. F. and Podger, R. N. (1970). Interspecific competition between
Drosophila melanogaster and drosophila simulans: effects of larval density on
viability, developmental period and adult body weight. Ecology 51, 170-189.
Beckman, K. B. and Ames, B. N. (1998). The free radical theory of aging matures.
Physiol. Rev. 78, 547-581.
Benedetti, S., Lamorgese, A., Piersantelli, M., Pagliarani, S., Benvenuti, F. and
Canestrari, F. (2004). Oxidative stress and antioxidant status in patients undergoing
prolonged exposure to hyperbaric oxygen. Clin. Biochem. 37, 312-317.
Berner, R. A., Vandenbrooks, J. M. and Ward, P. D. (2007). Evolution. Oxygen and
evolution. Science 316, 557-558.
Bin-Jaliah, I., Dallak, M. and Haffor, A. S. (2009). Effect of hyperoxia on the
ultrastructural pathology of alveolar epithelium in relation to glutathione peroxidase,
lactate dehydrogenase activities, and free radical production in rats, Rattus
norvigicus. Ultrastruct. Pathol. 33, 112-122.
Carey, J. R. (2003). Longevity: The Biology and Demography of Life Span. Princeton,
NJ, USA: Princeton University Press.
Centanin, L., Dekanty, A., Romero, N., Irisarri, M., Gorr, T. A. and Wappner, P.
(2008). Cell autonomy of HIF effects in Drosophila: tracheal cells sense hypoxia and
induce terminal branch sprouting. Dev. Cell 14, 547-558.
Chance, B., Sies, H. and Boveris, A. (1979). Hydroperoxide metabolism in
mammalian organs. Physiol. Rev. 59, 527-605.
Chandel, N. S., Maltepe, E., Goldwasser, E., Mathieu, C. E., Simon, M. C. and
Schumacker, P. T. (1998). Mitochondrial reactive oxygen species trigger hypoxiainduced transcription. Proc. Natl. Acad. Sci. USA 95, 11715-11720.

3447

Chen, Q., Fischer, A., Reagan, J. D., Yan, L. J. and Ames, B. N. (1995). Oxidative
DNA damage and senescence of human diploid fibroblast cells. Proc. Natl. Acad.
Sci. USA 92, 4337-4341.
Cooper, C. E. and Davies, N. A. (2000). Effects of nitric oxide and peroxynitrite on the
cytochrome oxidase K(m) for oxygen: implications for mitochondrial pathology.
Biochim. Biophys. Acta 1459, 390-396.
Corradetti, M. N. and Guan, K. L. (2006). Upstream of the mammalian target of
rapamycin: do all roads pass through mTOR? Oncogene 25, 6347-6360.
Dalle-Donne, I., Rossi, R., Giustarini, D., Milzani, A. and Colombo, R. (2003). Protein
carbonyl groups as biomarkers of oxidative stress. Clin. Chim. Acta 329, 23-38.
Das, N., Levine, R. L., Orr, W. C. and Sohal, R. S. (2001). Selectivity of protein
oxidative damage during aging in Drosophila melanogaster. Biochem. J. 360, 209216.
Debonneuil, E. H., Quillard, J. and Baulieu, E. E. (2006). Hypoxia and
dehydroepiandrosterone in old age: a mouse survival study. Respir. Res. 7, 144.
Dirmeier, R., O’Brien, K. M., Engle, M., Dodd, A., Spears, E. and Poyton, R. O.
(2002). Exposure of yeast cells to anoxia induces transient oxidative stress.
Implications for the induction of hypoxic genes. J. Biol. Chem. 277, 34773-34784.
Duggan, O., Hyland, P., Annett, K., Freeburn, R., Barnett, C., Pawelec, G. and
Barnett, Y. (2004). Effects of a reduced oxygen tension culture system on human T
cell clones as a function of in vitro age. Exp. Gerontol. 39, 525-530.
Duranteau, J., Chandel, N. S., Kulisz, A., Shao, Z. and Schumacker, P. T. (1998).
Intracellular signaling by reactive oxygen species during hypoxia in cardiomyocytes.
J. Biol. Chem. 273, 11619-11624.
Frazier, M. R. (2007). Alpine Insects: Physiology and Evolution in Cold, Thin Air. PhD
Thesis, Department of Biology, University of Washington, Seattle, USA.
Frazier, M. R., Woods, H. A. and Harrison, J. F. (2001). Interactive effects of rearing
temperature and oxygen on the development of Drosophila melanogaster. Physiol.
Biochem. Zool. 74, 641-650.
Gnaiger, E., Mendez, G. and Hand, S. C. (2000). High phosphorylation efficiency and
depression of uncoupled respiration in mitochondria under hypoxia. Proc. Natl. Acad.
Sci. USA 97, 11080-11085.
Graves, J. L., Jr and Mueller, L. D. (1993). Population density effects on longevity.
Genetica 91, 99-109.
Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry. J.
Gerontol. 11, 298-300.
Harrison, J., Frazier, M. R., Henry, J. R., Kaiser, A., Klok, C. J. and Rascon, B.
(2006). Responses of terrestrial insects to hypoxia or hyperoxia. Respir. Physiol.
Neurobiol. 154, 4-17.
Henry, J. R. and Harrison, J. F. (2004). Plastic and evolved responses of larval
tracheae and mass to varying atmospheric oxygen content in Drosophila
melanogaster. J. Exp. Biol. 207, 3559-3567.
Hetz, S. K. and Bradley, T. J. (2005). Insects breathe discontinuously to avoid oxygen
toxicity. Nature 433, 516-519.
Hitchler, M. J. and Domann, F. E. (2007). An epigenetic perspective on the free
radical theory of development. Free Radic. Biol. Med. 43, 1023-1036.
Honda, S. and Matsuo, M. (1992). Lifespan shortening of the nematode
Caenorhabditis elegans under higher concentrations of oxygen. Mech. Ageing Dev.
63, 235-246.
Honda, S., Ishii, N., Suzuki, K. and Matsuo, M. (1993). Oxygen-dependent
perturbation of life span and aging rate in the nematode. J. Gerontol. 48, B57-B61.
Honda, Y. and Honda, S. (2002). Oxidative stress and life span determination in the
nematode Caenorhabditis elegans. Ann. NY Acad. Sci. 959, 466-474.
Hwangbo, D. S., Gershman, B., Tu, M. P., Palmer, M. and Tatar, M. (2004).
Drosophila dFOXO controls lifespan and regulates insulin signalling in brain and fat
body. Nature 429, 562-566.
Jarecki, J., Johnson, E. and Krasnow, M. A. (1999). Oxygen regulation of airway
branching in Drosophila is mediated by branchless FGF. Cell 99, 211-220.
Kaliss, N. and Graubard, M. A. (1936). The effect of temperature on oviposition in
Drosophila melanogaster. Biol. Bull. 70, 385-391.
Kloek, G. P., Woelfel, M. J. and Kelly, T. L. (1978). Oxygen-induced brain
vacuolation in Drosophila and a possible threshold for this response. Aviat. Space.
Environ. Med. 49, 587-590.
Klok, C. J., Hubb, A. J. and Harrison, J. F. (2009). Single and multigenerational
responses of body mass to atmospheric oxygen concentrations in Drosophila
melanogaster: evidence for roles of plasticity and evolution. J. Evol. Biol. 22, 24962504.
Klok, C. J., Kaiser, A., Lighton, J. R. and Harrison, J. F. (2010). Critical oxygen partial
pressures and maximal tracheal conductances for Drosophila melanogaster reared for
multiple generations in hypoxia or hyperoxia. J. Insect Physiol. 56, 461-469.
Lavista-Llanos, S., Centanin, L., Irisarri, M., Russo, D. M., Gleadle, J. M., Bocca,
S. N., Muzzopappa, M., Ratcliffe, P. J. and Wappner, P. (2002). Control of the
hypoxic response in Drosophila melanogaster by the basic helix-loop-helix PAS
protein similar.Mol.Cell. Biol. 22, 6842-6853.
Lehmann, F. O., Dickinson, M. H. and Staunton, J. (2000). The scaling of carbon
dioxide release and respiratory water loss in flying fruit flies (Drosophila spp.). J.
Exp. Biol. 203, 1613-1624.
Lints, F. A., Lints, C. V., Bullens, P., Bourgois, M. and Delince, J. (1989).
Unexplained variations in life span of the Oregon-R strain of Drosophila
melanogaster over a four-year period. Exp. Gerontol. 24, 265-271.
Magalhaes, J., Ascensao, A., Viscor, G., Soares, J., Oliveira, J., Marques, F. and
Duarte, J. (2004). Oxidative stress in humans during and after 4h of hypoxia at a
simulated altitude of 5500m. Aviat. Space. Environ. Med. 75, 16-22.
Miller, R. S. and Thomas, J. L. (1958). The effects of larval crowding and body size
on the longevity of adult Drosophila melanogaster. Ecology 39, 118-125.
Mockett, R. J., Sohal, R. S. and Orr, W. C.(1999). Overexpression of glutathione
reductase extends survival in transgenic Drosophila melanogaster under hyperoxia
but not normoxia. Faseb J 13, 1733-1742.
Oh, S., Lee, E., Lee, J., Lim, Y., Kim, J. and Woo, S. (2008). Comparison of the
effects of 40% oxygen and two atmospheric absolute air pressure conditions on

THE JOURNAL OF EXPERIMENTAL BIOLOGY

3448 B. Rascón and J. F. Harrison
stress-induced premature senescence of normal human diploid fibroblasts. Cell
Stress Chaperones 13, 447-458.
Pace, P. W., Yao, L.-J., Wilson, J. X., Possmayer, F., Veldhuizen, R. A. W. and
Lewis, J. F. (2009). The effects of hyperoxia exposure on lung function and
pulmonary surfactant in a rat model of acute lung injury. Exp. Lung Res. 35, 380398.
Peck, L. S. and Maddrell, S. H. (2005). Limitation of size by hypoxia in the fruit fly
Drosophila melanogaster. J. Exp. Zool. A Comp. Exp. Biol. 303, 968-975.
Philpott, D. E., Bensch, K. G. and Miquel, J. (1974). Life span and fine structural
changes in oxygen-poisoned Drosophila melanogaster. Aerosp. Med. 45, 283-289.
Rattan, S. I. (2008). Hormesis in aging. Ageing Res. Rev. 7, 63-78.
Schulz, T. J., Zarse, K., Voigt, A., Urban, N., Birringer, M. and Ristow, M. (2007).
Glucose restriction extends Caenorhabditis elegans life span by inducing
mitochondrial respiration and increasing oxidative stress. Cell Metab. 6, 280-293.
Shen, J., Ford, D., Landis, G. N. and Tower, J. (2009). Identifying sexual
differentiation genes that affect Drosophila life span. BMC Geriatr. 9, 56.
Sohal, R. S. (2002). Role of oxidative stress and protein oxidation in the aging
process. Free Radic. Biol. Med. 33, 37-44.
Sohal, R. S. and Allen, R. G. (1985). Relationship between metabolic rate, free
radicals, differentiation and aging: a unified theory. Basic Life Sci. 35, 75-104.
Sohal, R. S. and Dubey, A. (1994). Mitochondrial oxidative damage, hydrogen
peroxide release, and aging. Free Radic. Biol. Med. 16, 621-626.
Sohal, R. S., Allen, R. G. and Nations, C. (1986). Oxygen free radicals play a role in
cellular differentiation: an hypothesis. J. Free Radic. Biol. Med. 2, 175-181.
Sohal, R. S., Agarwal, S., Dubey, A. and Orr, W. C. (1993). Protein oxidative
damage is associated with life expectancy of houseflies. Proc. Natl. Acad. Sci. USA
90, 7255-7259.
Sorensen, J. G. and Loeschcke, V. (2001). Larval crowding in Drosophila
melanogaster induces Hsp70 expression, and leads to increased adult longevity and
adult thermal stress resistance. J. Insect. Physiol. 47, 1301-1307.
Stadtman, E. R. and Levine, R. L. (2000). Protein oxidation. Ann. NY Acad. Sci. 899,
191-208.

Strehler, B. (1962). The distribution of cellular aging. In Time, Cells, and Aging, pp.
33-85. New York: Academic Press.
Tatar, M., Bartke, A. and Antebi, A. (2003). The endocrine regulation of aging by
insulin-like signals. Science 299, 1346-1351.
Toroser, D., Orr, W. C. and Sohal, R. S. (2007). Carbonylation of mitochondrial
proteins in Drosophila melanogaster during aging. Biochem. Biophys. Res. Commun.
363, 418-424.
Turrens, J. F. (2003). Mitochondrial formation of reactive oxygen species. J. Physiol.
552, 335-344.
Van Voorhies, W. A. (2009). Metabolic function in Drosophila melanogaster in
response to hypoxia and pure oxygen. J. Exp. Biol. 212, 3132-3141.
Vigne, P. and Frelin, C. (2006). A low protein diet increases the hypoxic tolerance in
Drosophila. PLoS ONE 1, e56.
von Zglinicki, T., Saretzki, G., Docke, W. and Lotze, C. (1995). Mild hyperoxia
shortens telomeres and inhibits proliferation of fibroblasts: a model for senescence?
Exp. Cell Res. 220, 186-193.
Walker, D. W. and Benzer, S. (2004). Mitochondrial “swirls” induced by oxygen stress
and in the Drosophila mutant hyperswirl. Proc. Natl. Acad. Sci. USA 101, 1029010295.
Weaver, M. and Krasnow, M. A. (2008). Dual origin of tissue-specific progenitor cells
in Drosophila tracheal remodeling. Science 321, 1496-1499.
Wingrove, J. A. and O’Farrell, P. H. (1999). Nitric oxide contributes to behavioral,
cellular, and developmental responses to low oxygen in Drosophila. Cell 98, 105114.
Yamamoto, Y., Konig, P., Henrich, M., Dedio, J. and Kummer, W. (2006). Hypoxia
induces production of nitric oxide and reactive oxygen species in glomus cells of rat
carotid body. Cell Tissue Res. 325, 3-11.
Yan, L. J., Levine, R. L. and Sohal, R. S. (2000). Effects of aging and hyperoxia on
oxidative damage to cytochrome c in the housefly, Musca domestica. Free Radic.
Biol. Med. 29, 90-97.
Yan, L. J. and Sohal, R. S. (1998). Mitochondrial adenine nucleotide translocase is
modified oxidatively during aging. Proc. Natl. Acad. Sci. USA 95, 12896-12901.

THE JOURNAL OF EXPERIMENTAL BIOLOGY

