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Age-specific decrease in aerobic efficiency associated with increase
in oxygen free radical production inDrosophila melanogaster
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Abstract

This study was designed to test the free radical theory of aging by usingDrosophila melanogasteras a model system. Oxygen
free radicals are generated by mitochondria during the process of normal oxidative metabolism. Age-specific measurements of
oxygen consumption, heat production and anti-oxidant enzyme activity were obtained from two inbred lines of male flies, one
selected for longevity and one normal-lived. The findings of this study demonstrate that although oxygen consumption remains
relatively constant over the majority of the life span of each line of flies, aerobic efficiency declines with advancing age. This loss
of aerobic efficiency manifests itself as a decline in total body metabolism as measured by heat production, and appears to be
associated with an age-specific increase in damage inflicted upon mitochondria by oxygen free radicals. 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

The free radical theory of aging (for review see
Beckman and Ames, 1998; Harman, 1998), first pro-
posed by Harman (1956), proposes that longevity should
be inversely correlated with the rate of free radical gen-
eration. Free radicals, such as superoxide, hydrogen per-
oxide and the hydroxyl free radical, are generated by
mitochondria in the process of oxidative metabolism (for
review see Hauptmann and Cadenas, 1997). These
reactive oxygen species (ROS) have been shown to
cause lipid peroxidation of the mitochondrial membrane
and damage to mitochondrial DNA over time (Sohal and
Dubey, 1994). Orr and Sohal (1994) hypothesized that
the increased longevity observed in their transgenicDro-
sophila melanogaster, engineered to overexpress the
anti-oxidant enzyme superoxide dismutase, is associated
with an enhanced anti-oxidative defense system. Dudas
and Arking (1995), Arking et al. (1988) and Force et al.
(1995) have also observed a coordinated upregulation of
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anti-oxidant gene activities inDrosophila selected for
longevity.

This study was designed to test the free radical theory
of aging. Two inbred lines of maleD. melanogaster, one
derived from an outbred population selected for long life
span (1L18) and one derived from a randomly selected
normal-lived population (1S11), were compared with
respect to oxygen consumption, heat production and
anti-oxidant enzyme activity. Inbred lines were used in
an attempt to eliminate the effects of genetic heterogen-
eity (Khazaeli et al., 1998). Genetic heterogeneity can
confound age-specific analyses because individuals that
are inherently more fit are also more likely to survive to
an advanced age. Virgin male flies were used to elimin-
ate variability in rates of aging associated with the stress
of reproduction (Ricklefs and Finch, 1995). Measure-
ments of oxygen consumption, an indirect measure of
basal metabolic rate (BMR), were performed by means
of the microrespirometric technique described by
Schmid (1997). Microrespirometry allows for the
repeated measurement of the oxygen consumption of an
individual fly over the course of its entire life. This is
advantageous because it allows for a demographic analy-
sis of the sample population over time (Curtsinger et al.,
1995). Further, a more direct measure of BMR was
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obtained by using microcalorimetry, which measures
total body metabolism in the form of heat production.
Kurtti et al. (1979) have demonstrated that microcalor-
imetry gives a more sensitive measure of BMR because
transient endo/exotherms due to increased activity or
defecation during the measurement period, for example,
can be readily observed and subtracted out. Anti-oxidant
enzyme activity was measured indirectly using the tech-
nique of Hyslop and Sklar (1984), where hydrogen per-
oxide released by the mitochondria of the flies is meas-
ured fluorometrically. This technique allows
measurement of the age-related increase in hydrogen
peroxide production by mitochondria, which has been
demonstrated to be associated with damage caused by
ROS to the inner mitochondrial membrane (Sohal and
Dubey, 1994).

2. Materials and methods

2.1. Selection of male flies

Two inbred lines (1L18 and 1S11) constructed by Dr
Leo Luckinbill of Wayne State University were used
(Luckinbill et al., 1984; Luckinbill and Clare, 1995). An
initial sample size of 210 long-lived inbred male flies
(1L18) and 170 normal-lived inbred male flies (1S11)
were generated in half-pint milk bottles as described by
Fukui et al. (1993). These flies were used for the oxygen
consumption and heat production portion of this experi-
ment. An additional sample of 100 long-lived inbred
males and 100 normal-lived inbred males were collected
for the mitochondrial assay. Individual flies were trans-
ferred to separate numbered vials containing fresh
medium. Food was changed every 3 days and flies were
maintained under conditions of constant light and tem-
perature (25°C).

2.2. Measurement of oxygen consumption

The oxygen consumption of individual flies was meas-
ured with microrespirometers. A microrespirometer con-
sists of a 1 cm3 tuberculin syringe fitted with a
20µl/69 mm volumetric capillary pipette (Schmid,
1997). A small amount of cotton is inserted into the syr-
inge chamber. The fly is then inserted, followed by
another small amount of cotton. One gram of Malcosorb,
a solid carbon dioxide absorbent, is then placed in the
syringe chamber and the syringe plunger is inserted so
that the fly is trapped between the two pieces of cotton,
thus reducing its ability to move around. The syringe is
then placed upright in a well plate and immersed in a
water bath at 25°C. A small amount of dye solution is
placed into the capillary pipette. Movement of the dye
solution down the capillary pipette gives a measure of
oxygen consumption in units ofµl/mm over time. Con-

trol respirometers prepared in exactly the same way but
without the fly give a measure of dye movement owing
to slight changes in ambient temperature or pressure.
Respirometers were numbered so that age-specific
measurements could be performed on individual flies.
All respirometers were allowed to equilibrate for 30 min
before measurements were taken. Oxygen consumption
was measured over a 2 h period and then flies were
placed back into their respective numbered food vials.
All values were corrected to conditions of standard tem-
perature and pressure.

2.3. Measurement of heat production

Direct microcalorimetry of individual insects was per-
formed using procedures described by Kurtti et al.
(1979). The calorimeter was interfaced with a Maclab
data-acquisition system that allowed digital recording of
the µvolt heat signal. The calorimeter constant was
determined experimentally to be 7µW/µV. A sample of
20 flies from each line was randomly chosen from the
two populations used for measurement of oxygen con-
sumption. Individual flies were placed into the calor-
imeter and BMR was measured for 20 min. Data were
first recorded as total heat produced and then corrected
for transient endo/exotherms as described by Kurtti et
al. (1979).

2.4. Isolation of mitochondria and measurement of
H2O2 production

Mitochondria were isolated using procedures
described by Sohal et al. (1995) and Hyslop and Sklar
(1984). Flies were refrigerated for a short period (until
they became inactive) and then transferred to a glass
slide on a bed of ice. Thoraces (30–40 mg) were gently
pounded (not ground) in a chilled mortar containing a
5 ml of buffer consisting of 154 mM KCl and 1.0 mM
ethylenediamine-N,N,N9,N9-tetraacetic acid (EDTA)
(pH 7.0), filtered through eight layers of cheesecloth, and
the filtrate cold-centrifuged at 125g for 3 min. The super-
natant was saved as a control and the pellet was resus-
pended in 1 ml of a buffer consisting of 154 mM KCl,
5 mM KOPH4, 3 mM MgCl2 and 0.1 mM EDTA
(pH 7.4). The fluorometric method of Hyslop and Sklar
(1984) was then used to measure the rate of H2O2 release
by mitochondria. Using this procedure, the oxidation of
p-hydroxyphenylacetate during the reduction of H2O2 by
horseradish peroxidase is used as a quantitative measure
of H2O2 production by the mitochondria. A Turner
Design model 700 spectrofluorometer was used to obtain
measurements of H2O2 generation. The rate of gener-
ation was determined by monitoring the increase in flu-
orescence at an excitation maximum of 323 nm and an
emission maximum of 400 nm. Results were then com-
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pared with a standard curve that was generated by using
known concentrations of H2O2.

3. Results

3.1. Comparison of metabolic rate as measured by
oxygen consumption

Fig. 1 illustrates the age-specific mean oxygen con-
sumption [with 95% confidence interval (CI)] of the
long-lived inbred line (1L18) versus that of the normal-
lived inbred line (1S11). The overlapping confidence
intervals suggest that there is not a significant difference
in the mean oxygen consumption between the two lines
until 48 days of age. The normal-lived line (1S11),
which has an experimentally determined mean longevity
of about 35 days (i.e., half the population has died by
age 35 days), exhibits an age-related decline in oxygen
consumption at day 42. The long-lived line, which has
a mean longevity of about 60 days, did not exhibit a sig-
nificant decline in oxygen consumption until day 72.
This suggests that reduced metabolic rate, as measured
by oxygen consumption, does not appear to be a causal
mechanism with respect to increased longevity in the
long-lived line.

3.2. Comparison of base metabolic rate as measured
by heat calorimetry

Fig. 2 illustrates age-specific BMR of the two inbred
lines as measured by heat production (with 95% CI). The
values in Fig. 2 represent recorded mean heat production
(as described in the Materials and Methods section) for
the ages indicated. Transient exotherms due to increased

Fig. 1. Comparison of base metabolic rate (with 95% CI), as meas-
ured by oxygen consumption, of long-lived inbred line (1L18) with
that of the control line (1S11). Metabolic rates do not decrease signifi-
cantly until the fly populations have exceeded expected mean longevity
dates (35 days for 1S11 and 60 days for 1L18).

Fig. 2. Comparison of base metabolic rate (with 95% CI), as meas-
ured by heat production, of long-lived inbred line (1L18) with that of
the control line (1S11). The graph demonstrates that heat production
declines much earlier in life than oxygen consumption (see Fig. 1) in
both lines of flies.

activity or defecation, for example, have been subtracted
out. Fig. 2 indicates that the BMR of the two lines begins
to differ significantly on day 28. The normal-lived line
(1S11), which has an experimentally determined mean
longevity of about 35 days (i.e., half the population has
died by age 35 days), exhibits a significant age-related
decline in heat production by day 35. The long-lived
line, which has a mean longevity of about 60 days, does
not exhibit a significant decline in heat production until
day 56. This suggests that a reduced BMR is not a causal
mechanism of extended longevity in the long-lived line.

3.3. Comparison of hydrogen peroxide production by
mitochondria

The age-specific rate of hydrogen peroxide production
of the two lines (with 95% CI) is represented in Fig. 3.

Fig. 3. Age-specific rate of mitochondrial hydrogen peroxide pro-
duction measured by the increase in fluorescence caused by the oxi-
dation of p-hydroxyphenylacetate during the reduction of hydrogen
peroxide by horseradish peroxidase. The normal-lived control line
(1S11) exhibits a greater age-related increase in hydrogen peroxide
production than the long-lived line (1L18).
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Mitochondria isolated from long-lived flies (1L18) exhi-
bited significantly less hydrogen peroxide generation
than those of controls at all ages. Although there is an
age-related increase in hydrogen peroxide production in
both lines, the long-lived lines exhibit less of an increase
than normal-lived controls. These data suggest that dam-
age to the mitochondrial membrane due to the generation
of reactive oxygen species is not as great in the long-
lived lines, when compared with that of normal-lived
controls.

4. Discussion

4.1. Age-specific decline in aerobic efficiency

The most significant finding of this study demon-
strates an age-related decline in aerobic efficiency that
is evident in both lines ofDrosophila. Figs. 1 and 2
demonstrate that heat production begins to decline at an
earlier age than does oxygen consumption in both lines
of flies. This suggests that, although oxygen consump-
tion remains relatively constant, the amount of energy
produced declines significantly with advancing age. This
finding coincides with the hypothesis that, given over
90% of the oxygen consumed is used by the mitochon-
dria, as mitochondria undergo damage due to free radical
oxidation they should be less efficient at producing ATP
(Harman, 1998; Miquel, 1998).

Although previous studies have suggested that
reduced metabolic rate might be associated with
extended longevity (Pearl, 1928; Fleming et al., 1992)
no such evidence was found in this study. No significant
difference in either oxygen consumption or heat pro-
duction was observed between the two lines until the
normal-lived control line had exceeded the expected
mean longevity of 35 days. This is similar to the finding
published by Arking et al. (1988).

The free radical theory of aging is supported by this
study because the inbred long-lived line (1L18) exhib-
ited less age-related increase in hydrogen peroxide pro-
duction (Fig. 3). This suggests that a more efficient anti-
oxidative defense enzyme system is at work. The data
appear to support the findings of Sohal et al. (1995) and
Dudas and Arking (1995), who both observed a corre-
lation between a reduced age-related increase in hydro-
gen peroxide production and increased longevity.
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