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Abstract Gender differences in lifespan and aging are
known across species. Sex differences in longevity within
a species can be useful to understand sex-specific aging.
Drosophila melanogaster is a good model to study the
problem of sex differences in longevity since females are
longer lived than males. There is evidence that stress resist-
ance influences longevity. The objective of this study was
to investigate if there is a relationship between sex differ-
ences in longevity and oxidative stress resistance in D.
melanogaster. We observed a progressive age-dependent
decrease in the activity of SOD and catalase, major anti-
oxidant enzymes involved in defense mechanisms against
oxidative stress in parallel to the increased ROS levels over
time. Longer-lived females showed lower ROS levels and
higher antioxidant enzymes than males as a function of age.
Using ethanol as a stressor, we have shown differential sus-
ceptibility of the sexes to ethanol wherein females exhibited
higher resistance to ethanol-induced mortality and locomo-
tor behavior compared to males. Our results show strong
correlation between sex differences in oxidative stress
resistance, antioxidant defenses and longevity. The study
suggests that higher antioxidant defenses in females may
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confer resistance to oxidative stress, which could be a fac-
tor that influences sex-specific aging in D. melanogaster.
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Introduction

Aging is a progressive functional decline in an organism
that leads to mortality (Finch 1990; Charlesworth 1994).
Although several theories have been postulated to explain
the evolutionary selection involving fitness and reproduc-
tion that influence the longevity of a species (Hughes and
Reynolds 2005), our understanding of the actual aging pro-
cess remains unclear. A model of conceptual link between
free radicals and aging was first proposed by Harman
(1956), wherein oxidative stress leads to accumulation of
damage that causes functional decline in aging. Several
studies have provided correlative evidence that free radicals
contribute to the aging process or senescence which sup-
port the free radical hypothesis (Beckman and Ames 1998;
Sohal 2002). The complex relationship between oxidative
stress and lifespan has been examined from the perspec-
tive of life history theory, which predicts that involvement
of reproductive effort impacts oxidative stress manage-
ment and there is a trade-off between reproductive effort
and lifespan (Monaghan et al. 2009; Isaksson et al. 2011).
Increased reproductive effort elevates metabolic rate which
leads to oxidative stress as a consequence of the increased
production of reactive oxygen species (ROS) by the mito-
chondria (Kavanagh 1987; Ernsting and Isaaks 1991).
Although metabolic rate is inversely correlated with lifes-
pan in many species, it may not always be associated with
raise in ROS (Okada et al. 2011). Recently, Liochev (2015)

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00360-017-1061-1&domain=pdf
http://dx.doi.org/10.1007/s00360-017-1061-1

900

J Comp Physiol B (2017) 187:899-909

has proposed that synergistic action of two or more causes
increase over time that explains acceleration of aging and
mortality with age, as evident from studies on yeast and
Drosophila. Therefore, aging is not explainable by a single
major cause and, elimination or attenuation of one of the
causes including free radicals, will affect lifespan.

Antioxidant defense mechanisms that protect cells from
the attack of free radicals and associated oxidative dam-
age include enzymes such as superoxide dismutase (SOD),
catalase, glutathione peroxidase (GPx) and heat shock pro-
teins. Stress resistance in organisms has been implicated in
longevity (Rose et al. 1992; Johnson et al. 2001; Murakami
et al. 2003). Several positive correlations have been drawn
between oxidative stress resistance and longevity by experi-
mental induction of oxidative stress using chemicals such
as paraquat (Kurepa et al. 1998; Migliaccio et al. 1999; Fin-
kel and Holbrook 2000; Vermeulen et al. 2005). However,
the role of antioxidant mechanism in the aging process has
not been proven conclusively because of conflicting results
in several aging models (Perez et al. 2009; Speakman and
Selman 2011). Although, studies have reported that over-
expression of antioxidant enzymes resulted in greater pro-
tection against oxidative stress, other reports did not find
a correlative link between such protection and lifespan.
Also other criticism have claimed that extremely long-lived
naked mole rats have unexceptional antioxidant defenses
and exhibits relatively high, steady state of oxidative dam-
age compared to mice (Andziak et al. 2006). Studies in this
long-lived rodent suggests that factors other than oxidative
stress play major role in aging process and provide only
equivocal support for the role of oxidative stress in aging
(Lewis et al. 2013). However, it is also suggested that more
studies are needed to estimate the oxidative state of this
rodent and to support definite conclusions (Kirkwood and
Kowald 2012; Barja 2013).

Sex differences in longevity occur across many species
and often females live longer than males (Lints et al. 1983;
Austad and Fischer 2016). Reported differences in longev-
ity of the sexes are often deduced from wild populations,
attributed to risk-taking behavior, foraging pattern and
sexual competition, which could be unrelated to sex differ-
ences in intrinsic rate of aging (Austad and Fischer 2016).
According to sexual selection theory (Trivers 1972), there
is a trade-off between investment in reproductive effort and
lifespan that generates sex differences in ROS production
and antioxidant defenses. However, the role of oxidative
stress in sexual selection is yet to be understood. Longevity
differences between the sexes within a species can be useful
to understand sex-specific aging (Austad and Fischer 2016).
Recent studies in the cricket, Gryllodes sigillatus suggest
a link between oxidative stress and the evolution of differ-
ences in lifespan and aging (Archer et al. 2013). Gender
differences in longevity can provide greater insights into
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mechanisms of aging including the possible role of oxida-
tive stress resistance in longevity, yet remain little studied
and current support for these mechanisms is weak (Austad
and Fischer 2016). In aging brains, there is a decline in the
antioxidant defense mechanisms which increases the vul-
nerability of the brain to oxidative damage (Finkel and Hol-
brook 2000). Mitochondrial DNA (mtDNA) is believed to
be one of the major targets by free radicals in aged brain. In
agreement with the free radical theory of aging, an inverse
correlation has been shown between the extent of oxidative
damage to mtDNA and maximum lifespan in the heart and
brain of mammals (Barja and Herrero 2000). Interestingly,
sex differences in mtDNA damage have also been reported
in Wistar rats wherein longer-lived females exhibited lower
DNA damage compared to males (Borras et al. 2003).

Drosophila as a model is widely used in free radical
research and aging (Le Bourg 2001). The laboratory popu-
lations of D. melanogaster exhibits sex differences in lon-
gevity wherein female is longer-lived sex than the male
(Tower and Arbeitman 2009). In agreement with free radi-
cal theory of aging, depletion of SOD enzymes in muscle
and nervous system resulted in higher ROS accumulation,
impaired locomotor activity and shortened lifespan in
Drosophila (Oka et al. 2015). Studies in wild-type strains
of Drosophila such as Oregon R, Canton S, Dahomey
showed significant correlation between mitochondrial ROS
and lifespan including gender differences in redox homeo-
stasis wherein longer-lived females exhibited lower ROS
level than males (Sanz et al. 2010). In D. simulans, short-
lived females showed higher levels of mitochondrial ROS
levels compared to the males, which support the role of
free-radical homeostasis in longevity (Ballard et al. 2007).
Despite several studies on aging in Drosophila, relation-
ship between oxidative stress resistance and sex differences
in longevity have not been examined. Ethanol is consid-
ered as an environmental stressor for Drosophila (Service
et al. 1985). Although Drosophila is naturally exposed to
low concentration of ethanol in the fermented fruit, it is an
oxidative stress inducer when exposed at higher concentra-
tion (Logan-Garbisch et al. 2014; Chauhan and Chauhan
2016). Upon exposure to acute doses of ethanol, Drosoph-
ila display behaviors that are remarkably similar to those
observed in mammalian models and humans (Wolf et al.
2002). Exposure to ethanol results in hyperactivity, loco-
motor dysfunctions and eventually leading to sedation in
flies (Bainton et al. 2000; Moore et al. 1998). Sexual dimor-
phism in ethanol toxicity has been observed in Drosophila
(Malherbe et al. 2005; Devineni and Heberlein 2012), the
biological basis of which is not clear. In this study, we have
investigated the differential susceptibility of the sexes to
ethanol-induced oxidative stress and examined whether the
gender differences in longevity is correlated with oxidative
stress resistance of the sexes.
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Materials and methods
Drosophila culture

Wild-type D. melanogaster (Oregon K) adults
(5-10 days old) were obtained from the Drosophila Stock
centre, Department of Zoology, Manasagangotri, Univer-
sity of Mysore, Karnataka, India. Flies were maintained in
a 150 ml culture bottle containing 30 ml of standard wheat
cream—agar medium seeded with yeast. Both larval and
adult numbers were maintained to moderate densities with
150-200 larvae per bottle. Flies were reared at 22+ 1°C
and 70-80% relative humidity for all the experiments.

Lifespan assay

For lifespan study, flies were obtained from the culture bot-
tles setup at a density of about 100 eggs per bottle. As with
all our assays, females were exposed to males for 72 h fol-
lowing eclosion and then separated according to their sex.
A total of 100 mated males and 100 mated females were
used in this experiment. These flies were housed separately
in vials at defined density supplemented with fresh standard
wheat cream—agar medium (5 vials with 20 flies each per
sex). All flies were transferred to new vials with fresh diet
every 2-3 days depending on media condition to eliminate
the emerging larval stages in the vials containing female
flies and replenish nutrients which may have exhausted.
Mortality was recorded every 24 h until all flies had died.

Age-related changes in the sexes

To explore the association between oxidative stress status
and gender-specific aging, mated flies of the different age
groups, i.e., newly eclosed flies (0 week; 1-2 days old),
mid age (3 weeks; 20-22 days old) and old age (6 weeks;
4042 days old and 9 weeks; 60-62 days old) were
employed. We also investigated the possible sex difference
in ethanol-induced oxidative stress response using flies of
different age groups by conducting ethanol toxicity, behav-
ioral and biochemical assays.

Ethanol toxicity and oxidative stress resistance

Briefly, 1-week-old flies (mated) were transferred to the
parafilm-sealed vials (ten flies per vial) containing What-
man filter paper discs (diameter 2 cm) soaked with 5%
sucrose solution and various concentrations of ethanol (8,
10, 12, 15 and 18%), whereas the control group received
only 5% sucrose solution (Montooth et al. 2006). For each
ethanol concentration, 60 flies (six replicates of ten flies

each) per sex were tested. Mortality was scored after 24 h
and expressed as percentage mortality. A dose-response
curve was plotted from which LCy, was determined.

To study the effect of ethanol as an oxidative stress
inducer, 10% of ethanol in sucrose solution was employed
based on mortality results. To study ethanol toxicity at dif-
ferent ages, flies of different age groups were transferred
to the vials (ten flies per vial) containing Whatman filter
paper discs soaked with 10% ethanol in 5% sucrose solution
whereas the control group flies received only 5% sucrose
solution. The number of dead flies was scored after 24 h of
ethanol exposure. For each age group, six replicates of ten
flies each per sex were tested and expressed as an average
of six replicates.

For negative geotaxis assay and biochemical assays, an
exposure time of 60 min for ethanol (10%) was used. The
time of exposure was standardized based on preliminary
assessment (data not shown); wherein 60 min exposure to
10% ethanol caused significant changes in the locomotor
behavior and oxidative stress markers.

Locomotory behavioral assay

Flies were subjected to negative geotaxis assay wherein
ability of flies to climb vertically was recorded. Briefly, ten
flies were released at the bottom of a vertical glass column
(standard length, 25 cm) and allowed to climb. The total
number of flies that escaped beyond minimum distance of
12 cm in 20 s was counted. For each age group, six repli-
cates of ten flies each per sex were tested and expressed as
an average of six replicates (Feany and Bender 2000).

Biochemical assays

Flies were subjected to cold anesthesia for 10 min. 50 flies
(ten flies per vial) were homogenized in 1 ml of respec-
tive assay buffers and centrifuged at 2500xg for 10 min at
4°C. ROS and antioxidant enzymes (SOD, catalase) were
assayed in the supernatant. Three replicates per group were
tested with the total of 150 flies per group per assay.

Reactive oxygen species

ROS was assayed using 2'7'-Dichlorofluorescin diacetate
(DCFH-DA) (Sigma Chemical, St. Louis, MO, USA)
in which the reaction involves the conversion of non-
fluorescent DCFH-DA into a highly fluorescent product,
2"7'-dichlorofluorescin (DCF), in the presence of ROS.
The fluorescence was measured in a spectrofluorometer
with the excitation wavelength of 488 nm and emission at
525 nm. ROS was quantified from a DCF standard curve
and expressed as umoles of DCF formed/min/mg protein
(LeBel et al. 1992).
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Antioxidant enzymes

SOD activity was measured using pyrogallol (2 mM)
(Sigma Chemical, St. Louis, MO, USA) autoxidation in
0.1 M tris buffer (pH 8.2). Reaction was monitored for
3 min at 420 nm and expressed as units of enzyme required
to inhibit 50% pyrogallol autooxidation (Marklund and
Marklund 1974). Catalase activity was measured using 1%
hydrogen peroxide (H,O,, (Sisco Research Laboratories,
Mumbai, India) as a substrate in 0.05 M phosphate buffer
(pH 7) by monitoring the change in absorbance at 240 nm
for 3 min and expressed as mmoles of H,O, decomposed/
min/mg protein (Aebi 1983).

Protein estimation

Protein content in the homogenate was determined by Low-
ry’s method using BSA (Sigma Chemical, St. Louis, MO,
USA) as the standard (Lowry et al. 1951).

Statistical analysis

Kaplan—-Meier survival analysis was made to compare the
survivability of male and female D. melanogaster flies.
Factorial analysis of variance (ANOVA) was performed to
test the interactions among sex, ethanol treatment and age
using SPSS software (v.17.0 SPSS Inc., IBM, Armonk,
NY, USA). Consequently, to facilitate subsequent inter-
pretation, we also conducted ‘Tukey’ post-hoc test when a
significant difference was found in the ANOVA test using
SPSS software.

Results
Survival

The lifespan study as seen in the survivability curve reveals
that females live longer than males (Fig. 1). The mean
lifespan was 88.5 for females and 61.52 for males. Age-
associated mortality was observed after 6 weeks of age
wherein males exhibited higher mortality when compared
to females (Fig. 2a).

Ethanol tolerance

Mortality of young flies (1 week old) exposed to differ-
ent concentrations of ethanol for 24 h was concentration-
dependent (Table 1). The LCs, for ethanol was found to
be 9.7 and 10.9% for males and females, respectively.
To study the effect of sex and age on mortality, behavior
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Fig. 1 Sex difference in the survivability of D. melanogaster as
determined by the Kaplan—Meier survival analysis. The two curves
represent the survivorship of male and female flies housed separately
in vials (n=100; 5 vials with 20 flies each per sex). The log-rank
test revealed a statistically significant difference in the survivorship
between males and females (Chi square value=21.227 and P <0.001)

and antioxidant status, a mean value of 10% ethanol was
employed.

Ethanol-induced mortality was sex-dependent as indi-
cated by the significant sex Xtreatment interaction in
Table 2 (***P<0.001). Results showed significant dif-
ferences in mortality wherein longer-lived females exhib-
ited higher resistance to ethanol toxicity than males, at all
ages (Fig. 2b). Overall, there was a significant effect of sex
and age on ethanol-induced mortality as indicated by the
sex X treatment X age interaction in Table 3 (*P <0.05).

Locomotor activity

Both males and females exhibited decreased locomotor
activity as they aged. Effect of age on locomotor ability
was sex-dependent as indicated by the significant sex X age
interaction in Table 2 (¥***P<0.001). While both sexes
exhibit robust negative geotaxis at young age (0 week),
males become worse at this task when compared to females
from third week onwards (Fig. 2c).

Both males and females showed locomotory impair-
ment after ethanol treatment as evident from the
decreased climbing activity (Fig. 2d). Effect of ethanol
treatment on locomotor activity was significantly varied
with sex and age as indicated by sex X treatment X age
interactions in Table 3 ("“P<0.001). However, there
was no overall significant sex X treatment interaction on
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Fig. 2 Sex differences in ethanol-induced mortality and climbing
activity among different age groups of D. melanogaster. a Age-assi-
cated mortality in males and females. Values represent mean number
of dead flies (+SEM; n=6, 10 flies per replicate) at different ages.
b Ethanol-induced mortality in males and females. Values represent
average number of dead flies (+SEM; n=6, 10 flies per replicate)
after 24 h of ethanol exposure. ¢ The climbing ability of flies at dif-
ferent ages as determined by the negative geotaxis assay. d Ethanol-

locomotor behavior (Table 3). Consequently, we con-
ducted sex X treatment interaction at different age points
separately. Results showed that ethanol-induced loco-
motor behavior was significantly affected by sex at 0, 3
and 9 weeks but the interaction was not statistically sig-
nificant at sixth week (Online Resource 1). Interestingly,
females showed higher resistance against ethanol-induced
locomotory impairment relative to the males at all ages.
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induced changes in the climbing activity in the sexes at different ages.
Values represent average number of flies (+SEM; n=6, 10 flies per
replicate) escaped beyond the minimum distance in a given time.
Groups of 0-9 week old flies were exposed to the stressor (10% etha-
nol). Sex differences in mortality and climbing activity was evaluated
by ANOVA with ‘Tukey’ post hoc test and bars denoted by different
alphabets differ significantly (P <0.05)

ROS

Endogenous ROS levels show gradual increase during
aging (0-9 weeks) in both sexes. A significant sex X age
interaction (**P <0.01) indicated that the effect of age on
ROS production was sex-dependent (Table 2). Females
showed lower ROS with age compared to males (Fig. 3a).
A significant increase in the ROS production was seen in
flies upon exposure to ethanol. Overall interaction between
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Table 1 Concentration dependent mortality of male and female D.
melanogaster exposed to ethanol for 24 h

Ethanol con-
centration (%)

Mortality (%)

Male Female
Mean Confidence Mean  Confidence
interval (95%) interval
(95%)

0 (control) 0.00 0-0 0.00 0-0
8 26.66 21.24-32.08 20.00  20-20
10 50.00 43.36-56.63 3333  27.91-38.75
12 85.00 76.21-93.78 76.66  68.09-85.23
15 95.00 89.25-100.74  93.33  82.49-104.17
18 100.00  100-100 96.66  91.24-102.08
LCy, 9.7 10.9

sex, ethanol treatment and age (sex X treatment X age inter-
actions) was not significant (Table 3). However, ethanol-
induced ROS levels varied with sex as indicated by the sig-
nificant sex X treatment interaction (*P <0.05) in Table 3.
Interestingly, males showed higher level of oxidative stress
than females at all ages, shown by marked induction of
ROS (Fig. 3b).

There was a positive correlation between age-associated
mortality and the endogenous ROS levels in both sexes
(Fig. 3c, d). Endogenous ROS tends to be higher in aged
males and females corresponding with low survival.

The activity of antioxidant enzymes

Activity of the antioxidant enzymes was significantly
decreased after 3 weeks of age in both sexes. As indicated
by a significant sex X age interaction (**P <0.01), age-
associated changes in the activity of antioxidant enzymes
were sex-dependent (Table 2). Females exhibited higher
activity of the SOD and catalase when compared to males
at all ages (Fig. 4a, c).

In flies exposed to ethanol, the antioxidant enzymes
were markedly higher in both sexes. Increased SOD
and catalase activity in response to ethanol treatment
were significantly influenced by sex and age as indi-
cated by the sex X treatment X age interactions (Table 3;
*#%P <(0.001). Analysis of the sex Xtreatment interac-
tion at different age points revealed that the induction of
SOD in response to ethanol treatment was significantly
affected by sex at 0, 3 and 6 weeks (Online Resource
1). Males exhibited higher SOD activity at zero (emer-
gence) and third week of age whereas females showed
increased activity up to sixth week (Fig. 4b). Likewise,
catalase activity in response to ethanol exposure was
sex-dependent as indicated by the significant sex X treat-
ment interaction in Table 3 (***P <0.001). Males exhib-
ited significant induction of catalase up to sixth week of
age, whereas, in females, activity of catalase was induced
after middle age and significant induction was observed
up to 9 weeks of age (Fig. 4d).

Table 2 Two way factorial

; Factors (df) ROS Negative geotaxis SOD Catalase
ANOVA testing the effect of
sex, age and their interactions F P F P F P F P
on ROS, negative geotaxis
assay, SOD and catalase Sex (1) 137.75  0.000%**  114.17  0.000***  153.74  0.000*** 22477  0.000%**
Age (3) 267.79  0.000%**  593.40  0.000*%**  150.87  0.000***  807.42  0.000%**
Sexx age (3) 16.48 0.001%** 15.97 0.000%**  8.21 0.008%*%* 8.01 0.009%*

%P <0.001, **P<0.01, *P<0.05

Table 3 Factorial ANOVA testing the effect of sex, ethanol treatment, age and their interactions on mortality, ROS, negative geotaxis assay

SOD and catalase
Assays (df) Mortality ROS Negative geotaxis SOD Catalase

F P F P F P F P F P
Sex (1) 309.06  0.000%**  168.62  0.000%** 270.00  0.000***  186.21  0.000%%** 105.83  0.000%**
Treatment (1) 2219.83  0.000***  459.51  0.000%%*%* 750.00  0.000%%*%* 63.59  0.000%** 199.86  0.000%**
Age (3) 561.08  0.000***  499.51  0.000*%**  1207.56  0.000%** 37839  0.000%** 1041.21  0.000%***
Sex X treatment (1) 204.45  0.000%%** 4.73  0.045% 0.20 0.649 2.734 0.200 30.34  0.000%%**
Sex xage (3) 2.54  0.062 16.09  0.000%%*%* 6.80  0.000%%** 3.28 0.048* 243 0.102
Treatment X age (3) 107.60  0.000%** 54.23  0.000%** 10.13  0.000%%*%* 39.23  0.000%** 57.69  0.000%**
Sex X treatment X age (3) 371 0.015* 0.55 0.653 13.68  0.000%%*%* 23.35  0.000%** 15.99  0.000%**

#%P <(0.001, **P <0.01, *P<0.05
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Fig. 3 Sex difference in ROS levels among different age groups of
D. melanogaster. a Endogenous ROS levels in the sexes at different
ages. b Ethanol-induced ROS levels in males and females. Groups of
0-9 week old flies were exposed to the stressor (10% ethanol). The
difference in ROS production was evaluated by ANOVA with “Tukey’
post hoc test. Values are mean+SEM. and bars denoted by different

Discussion

Differences in lifespan between males and females are com-
monly observed in laboratory species such as C. elegans,
D. melanogaster and Mus musculus (Tower and Arbeitman
2009; Austad and Fischer 2016). D. melanogaster (Oregon
K) used in our study, is a good model to study the gender
difference in aging since females live longer than males as
evident from the survival curves. Our results on surviv-
ability of Drosophila show that the mortality rates exhib-
ited gender differences with age which could be attributed
to differential aging in the sexes. Age-related mortality was
positively correlated with endogenous ROS which was
consistent with earlier studies showing inverse relationship
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alphabets differ significantly (P <0.05). Correlation between mortal-
ity and ROS as a function of age in males (c) and in females (d). The
relationship between ROS and mortality was analyzed using linear
regression. Endogenous ROS show a positive correlation with mortal-
ity in both sexes

between oxidative stress and lifespan (Ku et al. 1993; Sohal
et al. 1995). Recent studies by Archer et al. (2013) in the
cricket, Gryllodes sigillatus, have presented evidence for
sex differences in oxidative stress in relation to lifespan.
Our study shows age-dependent decline in total SOD and
catalase activities in both sexes. However, earlier studies
showed no consistent relationship of endogenous antioxi-
dant defenses with aging (Le Bourg 2001; Speakman and
Selman 2011). It was suggested that normal enzyme activ-
ity is sufficient to counter free radicals and the antioxidant
enzymes could be considered as stress enzymes (Le Bourg
2001). We found negative correlations between the two
major antioxidant enzymes and aging. We also observed
a significant sex differences in the activity of antioxidant
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ages. d Ethanol-induced changes in the acivity of catalase at differ-

enzymes with age wherein long-lived females exhibited
higher activity of endogenous SOD and catalase enzymes
than males. Previous studies have reported that long-lived
strains of Drosophila are associated with lower ROS lev-
els, but it may not always reflect the higher antioxidant
defense mechanisms in those strains (Sanz et al. 2010). In
contrast, our study shows that the levels of two major anti-
oxidant enzymes correlated negatively with ROS levels and
positively with lifespan. A previous study in humans have
shown that men exhibited higher ROS levels with slightly
lower SOD and catalase activity compared to women (Ide
et al. 2002). Another study in SAMP8 mice revealed sex
differences in the activity of antioxidant enzymes with
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mean=+ SEM. and bars denoted by different alphabets differ signifi-
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aging wherein males exhibited lower levels of SOD and
catalase activities compared to the females (Tomas-Zapico
et al. 2006). Furthermore, gender differences in oxidative
stress in relation to longevity was reported in human sub-
jects wherein long-lived females exhibited lower levels of
mitochondrial H,0,, higher levels of Mn-SOD and GPx
activities compared to males (Vifia et al. 2005). Our study
in D. melanogaster is consistent with the observations in
human subjects supporting the role of oxidative stress in
gender-specific aging.

Locomotor performance has been positively corre-
lated with lifespan in six species of snakes wherein long-
lived species exhibited better performance than short-lived
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species (Robert et al. 2007). It is also positively corre-
lated with survival in lizards (Warner and Andrews 2002;
Miles 2004) and turtles (Janzen 1995) suggesting that
locomotor performance could be used as a measure of fit-
ness and survivability (Robert et al. 2007). Negative geo-
taxis has been used as a locomotory behavioral measure
of aging in Drosophila. Consistent with previous reports
(Gargano et al. 2005; Jones and Grotewiel 2011), flies
exhibited age-dependent decline in the locomotory activ-
ity. We also investigated the effect of age on the locomo-
tory ability in relation to the sex differences in longevity.
Age-related decline in the locomotory activity was more
pronounced in males when compared to females suggest-
ing the better fitness of long-lived sex. In addition, older
flies overexpressing catalase and Cu/Zn-SOD fared better
than controls (Orr and Sohal 1994) indicating that greater
antioxidant defenses also reflect the fitness and survivabil-
ity of an organism. Our study provides correlative evidence
that long-lived sex exhibits greater locomotor performance
as well as antioxidant defense mechanisms and thus greater
fitness and survivorship compared to the short-lived sex.
Oxidative stress resistance to a stressor such as paraquat
is implicated in affecting lifespan in Drosophila (Vermeu-
len et al. 2005). We have used sensitivity to ethanol as a
measure of resistance to oxidative stress in Drosophila.
Similar to paraquat, ethanol exposure gives rise to the gen-
eration of excessive amount of free radicals as evident from
the induction of ROS after ethanol exposure in both sexes.
Our results are in agreement with similar data reported in
different laboratory models of ethanol exposure leading to
oxidative stress mediated damages (Das and Vasudevan
2007; Kasdallah-Grissa et al. 2007; Jahromi et al. 2015).
Interestingly, we found sex differences in ethanol-induced
oxidative stress wherein females exhibited higher resist-
ance to oxidative stress as evident from mortality and nega-
tive geotaxis assay. A similar sex differences in oxidative
stress-mediated mortality was also reported in Drosophila
treated with paraquat (Chaudhuri et al. 2007). Also, it has
been reported that males are more resistant to ethanol-
induced sedation but show higher susceptibility to mortal-
ity compared to females (Devineni and Heberlein 2012).
Despite a number of studies examining sex differences in
oxidative stress-mediated mortality and ethanol responses
in Drosophila, relationship between oxidative stress and
antioxidant defense system in relation to sex differences in
longevity has not been studied. In our study, we found sex
differences in oxidative stress resistance that showed a cor-
relation with ethanol-induced mortality, ROS production
and antioxidant protection. To see how these effects extend
across age groups, we also considered young and older flies
in our study. Longer-lived females showed higher activity
of SOD which remained so after ethanol exposure while
induction of catalase activity was significantly higher in

older females than in males of the same age. In contrast,
the shorter lived males had elevated ROS level and also
higher mortality after ethanol exposure than the females,
thus providing evidence that the management of oxidative
stress may play a role in the sex-specific aging. It is well
possible that, responses to applied stress are specific to
organism under study; however, it supports the idea that the
differential protective mechanisms against environmental
stresses such as oxidative stress are attributed to differences
in lifespan in many organisms. Furthermore, other molecu-
lar mechanisms may also be involved in ethanol resistance,
such as the rate of alcohol metabolism in the sexes, due to
the activity of the enzyme, alcohol dehydrogenase (ADH).
Previous studies have reported the positive association
between ethanol tolerance and higher ADH activity in mice
and Drosophila (Eriksson and Pikkarainen 1968; McDon-
ald et al. 1977), although others have not reported this cor-
relation (Gibson et al. 1979; Barbancho et al. 1987). Over-
all, our study presents evidence that the oxidative stress and
antioxidant defenses are important factors influencing sex-
specific aging and longevity in D. melanogaster. Despite
divergent views on the role of free radicals in aging, our
results favor the recent hypothesis (Kirkwood and Kowald
2012) which suggests that oxidative stress could be one
of the mechanisms that may synergistically influence the
aging process.
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