
Overexpression of Glucose-6-phosphate Dehydrogenase
Extends the Life Span of Drosophila melanogaster*□S

Received for publication, July 29, 2008, and in revised form, September 22, 2008 Published, JBC Papers in Press, September 22, 2008, DOI 10.1074/jbc.M805832200

Susan K. Legan‡, Igor Rebrin§, Robin J. Mockett§, Svetlana N. Radyuk‡, Vladimir I. Klichko‡, Rajindar S. Sohal§,
and William C. Orr‡1

From the ‡Department of Biological Sciences, Southern Methodist University, Dallas, Texas 75275 and the §Department of
Pharmacology and Pharmaceutical Sciences, University of Southern California, Los Angeles, California 90089-9121

The redox state of tissues tends to become progressivelymore
prooxidizing during the aging process. The hypothesis tested in
this study was that enhancement of reductive capacity by over-
expression of glucose-6-phosphate dehydrogenase (G6PD), a
key enzyme for NADPHbiosynthesis, could protect against oxi-
dative stress and extend the life span of transgenic Drosophila
melanogaster. Overexpression of G6PD was achieved by com-
bining a UAS-G6PD responder transgene at one of four inde-
pendent loci with either a broad expression (armadillo-GAL4,
Tubulin-GAL4, C23-GAL4, and da-GAL4) or a neuronal driver
(D42-GAL4 and Appl-GAL4). The mean life spans of G6PD
overexpressor flies were extended, in comparison with driver
and responder controls, as follows: armadillo-GAL4 (up to 38%),
Tubulin-GAL4 (up to 29%), C23-GAL4 (up to 27%), da-GAL4
(up to 24%), D42-GAL4 (up to 18%), and Appl-GAL4 (up to
16%). The G6PD enzymatic activity was increased, as were the
levels of NADPH, NADH, and the GSH/GSSG ratio. Resistance
to experimental oxidative stress was enhanced. Furthermore,
metabolic rates and fertility were essentially the same in G6PD
overexpressors and control flies. Collectively, the results dem-
onstrate that enhancement of theNADPHbiosynthetic capabil-
ity can extend the life span of a relatively long-lived strain of
flies, which supports the oxidative stress hypothesis of aging.

Glucose-6-phosphate dehydrogenase catalyzes the oxidation
of glucose-6-phosphate to 6-phosphogluconate and the reduc-
tion of NADP� to NADPH, which is the rate-limiting step in
the pentose phosphate pathway. Thismetabolic pathway serves
multiple cellular functions, such as the supply of pentose inter-
mediates for nucleotide synthesis, interconversion of 3–7 car-
bon sugars for various metabolic purposes, and the generation
of reducing power in the formofNADPH.The lattermetabolite
plays an integral role in a broad range of cellular functions, such
as (i) acting as a cofactor in reductive biosynthesis, (ii) detoxi-
fication of xenobiotics, and (iii) maintenance of the cellular

redox state by providing reducing equivalents to antioxidative
systems, among others (1).
The concept that maintenance of an optimal redox state is

essential to cellular survival is now firmly established. Signifi-
cant amounts of superoxide anion radical and its stoichiometric
product, hydrogen peroxide, are generated in mitochondria
and peroxisomes under normal physiological conditions (2).
Hydrogen peroxide is detoxified by catalase and peroxidases.
The activity of the peroxidases is dependent upon the availabil-
ity of reduced forms of glutathione (GSH) or thioredoxin, and it
results in the oxidation of GSH to GSSG and of reduced thiore-
doxinred (Trx-(SH)2)2 to oxidized thioredoxinox (Trx-(S)2). The
reducing equivalents for the reductions of GSSG by glutathione
reductase and thioredoxinox by thioredoxin reductase are sup-
plied by NADPH (3). Thus, the regeneration of two major cel-
lular antioxidants, GSHand thioredoxin, is dependent upon the
supply of NADPH. In insects, glutathione reductase and gluta-
thione peroxidase are absent, and their functions are assumed
by the thioredoxin system, which consists of (i) thioredoxin, (ii)
thioredoxin reductase (TR in Reaction 3), and (iii) thioredoxin
peroxidase (TPx in reaction 2) (4). The mechanisms for the
reduction ofGSSGand removal of peroxides by the thioredoxin
system are as follows (Reactions 1–3).

Trx-�SH�2 � GSSG3 Trx-�S�2 � 2GSH

H2O2 � Trx-�SH�2O¡

TPx
Trx-�S�2 � 2H2O

Trx-�S�2 � NADPH � H�O¡

�TR�
Trx-�SH�2 � NADP�

REACTIONS 1–3

There are strong indications that the level of oxidative stress
is elevated during the aging process (5–8). For instance, rates of
mitochondrial superoxide anion radical and hydrogen peroxide
generation, as well as the steady-state amounts of the products
of free radical attacks onmacromolecules, such as nucleic acids,
proteins, and lipids, increase in the aged organisms (5). Older
flies become more prooxidizing with age, as measured by the
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ratio betweenGSHandGSSG (7). Furthermore, the old animals
are relatively more susceptible to induced oxidative stress. In
previous studies directed at testing the role of oxidative stress in
the aging process, the most frequently used approach was to
enhance the activities of antioxidant enzymes, such as superox-
ide dismutases, catalase, and thioredoxin reductase, in trans-
genic animals (9–13). In general, either therewas little effect on
longevity, or the life span extensions occurred in genetic back-
grounds where life spans of the recipient controls were rela-
tively short. Such effects were not replicated in long-lived back-
grounds (14).
In this context, we hypothesized that transgenic overexpres-

sion of glucose-6-phosphate dehydrogenase (G6PD) in Dro-
sophila melanogaster and the consequent increase in the ability
to synthesize NADPH would enhance resistance to oxidative
stress and extend the life span of flies. The underlying assump-
tion was that compared with the elevations of activities of par-
ticular antioxidative enzymes, augmentation of reductive
capacity by the efficient supply of NADPH would support a
relatively broader range of mechanisms of antioxidative
defenses. Results indicate that the life span of Drosophila can
indeed be significantly extended by overexpression of G6PD
and thereby support the concept that oxidative stress plays a
causal role in the aging process.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—HPLC calibration standards were
obtained from Sigma and prepared exactly as described previ-
ously (15).Milli-Q gradewaterwas prepared by reverse osmosis
on a Millipore� water purification system. All chemicals were
either analytical grade or of the highest purity commercially
available.
Construction of pP[UAST]-G6PD Responder Lines—A

2074-bp EcoRI-XhoI G6PD cDNA fragment was subcloned
into pP[UAST]. Twelve pP[UAST]-G6PD transgenic re-
sponder lines were established by co-injecting pP[UAST]-
G6PD and pTurbo DNA (16) into Drosophila, y w early stage
embryos using standard P element-mediated methodology. G1
progeny of injected flies were scored for the presence of thew�

marker gene. The presence of single pP[UAST]-G6PD inser-
tions was confirmed by chromosome mapping and Southern
blot analysis for six distinct transgenic responder lines, which
were then backcrossed with y w for 6 generations to obtain
isogenic stocks. The driver lines used for subsequent crosses
were similarly backcrossed into the same background.
G6PD Overexpression—Male flies, homozygous with respect

to the pP[UAST]-G6PD transgene, were crossed with virgin
females containing one of six distinct GAL4 drivers: da-GAL4,
Tubulin-GAL4, armadillo-GAL4, orC23-GAL4 for broad over-
expression in multiple tissues and D42-GAL4 or Appl-GAL4
for neuronal overexpression. The driver lines were provided by
Dr. B. Rogina (University of Connecticut Health Science Cen-
ter). Control flies were obtained from crosses in which the y w
parental strain was substituted for either the driver or the
pP[UAST]-G6PD responder.
G6PD enzymatic activity was quantified in flies aged 7–70

days. Flies (four) were homogenized in 100�l of ice-cold 0.01 M
KH2PO4, K2HPO4, 1 mM EDTA, pH 7.4. After centrifugation

for 10 min at 12,500 rpm, 4 °C, the protein concentration was
measured using the Bradford assay. Rates of NADPH produc-
tion were determined by measuring the change in absorbance
at A340 for 10 min (modified from Refs. 17 and 18).
Evaluation of Reporter Gene Expression—A transgenic line

carrying a UAS-AUG-DsRed insertion (Bloomington stock
number 6282) was crossed to six different driver lines:
da-GAL4, Tubulin-GAL4, armadillo-GAL4, C23-GAL4, D42-
GAL4, and Appl-GAL4. The expression of the red fluorescent
protein (RFP) reporter gene was evaluated in whole-mount
organ preparations or cryosections made from 10–14-day-old
adult progeny using fluorescence microscopy (Nikon) and
MetaMorph software.
Life Span—Life span studies were conducted as described

previously (16). Flies tested in mortality experiments were
reared at a constant density and collected within 24 h posteclo-
sion. At least two replicate experiments were performed at
25 °C and 50% relative humidity for four responder lines com-
bined with each of the six drivers, using �200 flies/line. Flies
(25/vial) were transferred every 1–2 days into 8-dram shell vials
containing a sugar-yeast-corn meal-agar medium.
Experimental Oxidative Stress—Resistance to oxidative

stresswasmeasured by exposing 10-day-oldmale flies (n� 100;
25 flies/vial) continuously to reactive oxygen species genera-
tors, including 100%oxygen and paraquat, and scoring formor-
tality once or twice daily. For measurements of resistance to
hyperoxia, flies were placed in vials containing standard
medium, covered with nylon to facilitate the passage of oxygen,
and transferred to a plastic container, throughwhich 100%oxy-
gen was passed at a constant rate. Flies were exposed to para-
quat in vials containing six layers of Kimwipe soaked in 1%
sucrose, 5 mM paraquat; they were scored once or twice daily
and transferred every 1–2 days into vials containing a freshly
prepared sucrose/paraquat solution. Stress experiments were
conducted twice.
Oxygen Consumption—The rate of respiration was deter-

mined using an Oxzilla Dual Absolute and Differential Oxygen
Analyzer (Sable Systems International, Las Vegas, NV), as
described previously (19), except (i) groups of 50male flies were
used, with 25 each in two parallel chambers, (ii) the air stream,
which was pumped from outdoors and scrubbed to remove
water and carbon dioxide, was rehydrated immediately prior to
entry into the respiration chambers and dehydrated after exit-
ing the chambers but before entering the respirometer, and (iii)
the calculated rate of oxygen consumption for each group was
the mean of four consecutive chamber minus base-line estima-
tions, with chamber sampling for 12 min and base lining for 8
min, and estimation for at least 4 min after stabilization of the
oxygen concentration in the chamber versus reference channel
in each interval. For da-GAL4 and C23-GAL4 genotypes, car-
bon dioxide scrubbing was repeated during the dehydration of
air leaving the respiration chambers.
Fertility—The lifetime reproductive output was determined

using the armadillo-GAL4 driver. Reciprocal outcrosses of
G6PD overexpressors and respective control flies to y w virgins
were performed within 24–72 h posteclosion. Individual
female flies were crossed with three y wmales in vials contain-
ing standard medium supplemented with dry yeast. Fresh vials
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were provided daily for the first 2 weeks and every other day
subsequently, and adult progeny were counted.
Analysis of Oxidized and Reduced Pyridine Dinucleotides—

Amounts of NAD�, NADH, NADP�, and NADPHwere meas-
ured in whole fruit fly homogenates by HPLC with fluorescent
detection, by amodification of themethoddescribed previously
(15). Briefly, to prevent degradation and oxidation of pyridine
dinucleotides, flies were frozen in liquid nitrogen and stored at
�80 °Cuntil analysis. Ten frozen flieswere homogenized in 200
�l of freshly prepared ice-cold solution, containing 0.2 M KCN,
0.06 M KOH, and 1 mM bathophenanthrolinedisulfonic acid,
using 1.5-ml plastic tubes and pestles obtained from RPI (Mt.
Prospect, IL). The homogenates were incubated for 10 min on
ice and centrifuged at 18,000 � g for 10 min at 4 °C. Superna-
tants were then extracted twice with 0.8 ml of ice-cold chloro-
form, and the samples were filtered through a 0.45-�m PTFE
Acrodisk CR 4-mm syringe filters obtained from Gelman Lab-
oratory (AnnArbor,MI). Filtrates were transferred to sampling
vials and either analyzed immediately or stored at�80 °C for up
to 1 week. NADH, NADPH, and cyanide adducts with NAD�

and NADP� (CN1 and CN2 derivatives) were separated by
HPLC, fitted with a Shimadzu Call VP solvent delivery system,
using a reverse phase C18 Luna (II) column (4.6 � 150 mm,
3-�m particle size) obtained from Phenomenex (Torrance,
CA). A guard cartridge, C18 Luna (II) (3 � 4mm), was used for
column protection and replaced after 100–200 injections. The
mobile phases for gradient elution were 0.2 M ammonium ace-
tate, pH 5.9, containing 3.5% (v/v) methanol (solvent A) and 0.2
M ammonium acetate, pH 5.9, containing 6.0% (v/v) methanol
(solvent B). A linear gradient from 100% solvent A to 100%
solvent B over a 30-min separation time was used with a flow
rate of 0.6 ml/min. Pyridine dinucleotides were detected with a
RF10-AXL fluorescent detector from Shimadzu (excitation
wavelength 330 nm and emissionwavelength 460 nm). Calibra-
tion standards of pyridine dinucleotides (1 mg/ml stock solu-
tions stored at �80 °C) were prepared by appropriate dilutions
of stock solutions in 0.2 M KCN, 0.06 M KOH, and 1 mM batho-
phenanthrolinedisulfonic acid. Linear relationships between
the peak area and pyridine nucleotide amounts were estab-
lished between 1 and 1000 ng for each standard. Each sample
was injected twice, and the average of the peak areas was used
for quantification.
HPLC Analysis of GSH, GSSG, and Methionine—25–50 flies

were immobilized on ice for 1–2 min, weighed, and homoge-
nized in 10 volumes of freshly prepared ice-cold 5% (w/v)meta-
phosphoric acid (MPA), using 1.5-ml plastic tubes and pestles
obtained from RPI (Mt. Prospect, IL). The homogenates were
incubated for 30min on ice and centrifuged at 18,000� g for 20
min at 4 °C. Supernatants were filtered using 0.45-�m PTFE
Acrodisc� CR 4-mm syringe filters, obtained from Gelman
Laboratory (Ann Arbor, MI); filtrates were transferred to sam-
pling vials and either analyzed immediately or stored at �80 °C
for up to 1 month.
The procedure for detection and quantification of aminothi-

ols (GSH, GSSG, and methionine) used here and the precau-
tionary measures taken to minimize spontaneous GSH oxida-
tion have been described by us previously (7, 8), with the
followingmodifications. Briefly, aminothiols were separated by

HPLC, fittedwith a ShimadzuClass VP solvent delivery system,
using a reverse phaseC18 Luna (II) column (3�; 4.6� 150mm),
obtained from Phenomenex (Torrance, CA). Themobile phase
for isocratic elution consisted of 25 mM monobasic sodium
phosphate, a 0.120 mM concentration of the ion-pairing agent
1-octane sulfonic acid, 1% (v/v) acetonitrile, pH 2.75, adjusted
with 85% phosphoric acid. The flow rate was 0.7ml/min. Under
these conditions, the separation was completed in 30 min;
GSSG was the last eluting peak, with a retention time of �22
min. Calibration standards were prepared in 5% (w/v) MPA.
Aminothiols were detected with a model 5600 CoulArray�
electrochemical detector (ESA Inc., Chelmsford, MA),
equipped with an eight-channel analytical cell, using potentials
from �500 mV in 100-mV increments. GSH was monitored at
�800 mV, whereas GSSG and methionine were monitored at
�900 mV. Each sample was injected twice, and the average of
the peak areas was used for quantification.
Statistical Analysis—All analyses were performed using

SYSTAT 10 or Microsoft EXCEL software. Differences in
G6PD enzymatic activities, rates of oxygen consumption, and
NADP� and NADPH content were compared between groups
by analysis of variance, with post hoc pairwise comparisons
where appropriate. In studies of life span and resistance to oxi-
dative stress, differences between survivorship curves were
assessed using semiparametric log rank tests. Analysis of vari-
ance was used to assess differences inmean life spans, using vial
mean life spans as input data, in order tominimize the effects of
pseudoreplication, as discussed previously (20, 21).

RESULTS

Overexpression of G6PD—A total of six transgenic lines
(responders) containing single pP[UAST]-G6PD insertions
were subjected to preliminary studies of survivorship, prior to
backcrossing. In the presence of theTubulin-GAL4driver, each
responder line exhibited extension of life span; however, one of
the responder lineswas recessive lethal, raising the likelihood of
an adverse, insertional position effect, and two of the remaining
lines were derived from a single transformant. Consequently,
four completely independent responder lines were selected for
biochemical and physiological characterization.
Enhancement ofG6PD enzymatic activitywas observed in all

of the transgenic lines containing GAL4 driver. As expected,
the magnitude of G6PD overexpression varied considerably
among the drivers. In whole body homogenates, activity was
increased 27–65-fold (Tubulin-GAL4), 33–97-fold (da-GAL4),
1.9–3.8-fold (arm-GAL4), 11–20-fold (C23-GAL4), 9–20-fold
(D42-GAL4), and 1.8–4-fold (Appl-GAL4) (Table 1). In iso-
lated heads and bodies (thoraces plus abdomens), the activity
was increased 14–55-fold and 0.75–7.5-fold, respectively, in
the presence of the Appl-GAL4 driver (results not shown).
Evaluation of Driver Tissue Specificity—RFP was used as a

reporter to evaluate patterns of tissue-specific expression elic-
ited by theGAL4 driver lines used in the present study. A trans-
genic line containing the UAS-AUG-DsRed insertion was
crossed to driver lines, and red fluorescence was evaluated in
whole mount organ preparations and/or cryosections made
from adult flies. The UAS-AUG-DsRed transgenic line crossed
to the reference y w strain was used as a control. The data are
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summarized inTable 2. Three of the drivers have been reported
to exhibit a relatively broad expression pattern in adults (arma-
dillo, tubulin, and da), and thiswas confirmed, although expres-
sion was by nomeans uniform. For instance, as observed in Fig.
1, there were distinct brain and ventral ganglion expression
patterns for each of the drivers. Expression driven by the C23
driverwas also relatively broad in adult flies, whereas previously
it had only been characterized in embryonic tissue, where it was
localized to transversemuscle. Regarding the neuronalD42 and
Appl drivers, our results are consistent with earlier studies
(11, 22), which reported expression in both the brain and the
ventral ganglion. As expected, RFP expression driven by D42
was quite prominent in motor neurons but was also observed
in adult cardia and salivary gland. Distinct neuronal expres-
sion patterns were noted for all six drivers with overlap in the

motor neurons and certain areas of the midbrain. Overall,
the global drivers selected for this study exhibited a more
patterned than uniform expression of the reporter gene,
whereas candidate tissue-specific drivers permitted broader
expression than expected.
Overexpression of G6PD Extends Life Span—Life span exper-

iments were performed using all four responders in combina-
tionwith all of the six drivers, typically utilizing 200–225 flies in
each of two independent experiments for a total of more than
20,000 flies. The mean life span was greater in each experiment
for every G6PD overexpressor genotype than for the corre-
sponding driver/� and �/responder controls (Fig. 2 and Table
S1). These results represent a total of 102 comparisons, among
which 78 individual comparisons revealed statistically sig-
nificant differences (p � 0.05). The magnitude of the
increase, in comparison with the stronger driver control in
each case, was up to 38% for arm/G6PD, 29% for Tubulin/
G6PD, 27% for C23/G6PD, 24% for da/G6PD, 18% for D42/
G6PD, and 16% for Appl/G6PD. The maximum life span
(time to 90% mortality) was also extended (Table S1). More-
over, the longevity effects did not appear to be sex-specific.
We conducted survivorship studies on females using two
broad expression drivers (arm and Tubulin) and observed
life span extensions that were comparable with those
observed in the males (data not shown). Collectively, the

FIGURE 1. Fluorescence microscopy analysis of the tissues of flies
expressing Red Fluorescent Protein. Whole mount preparations of the
brain (left) and ventral ganglion (right) were dissected from flies carrying a
UAS-RFP transgene and the different GAL4 enhancers indicated on the
right. Motor neurons are indicated by arrows. No fluorescence patterns
were observed in controls carrying transgene or driver only (not shown).

TABLE 1
G6PD enzyme activity/mg of protein

Genotype Rate S.D. S.E.
�mol/min

�/G6PD4c 0.16 0.06 0.04
�/G6PD5f 0.18 0.05 0.03
�/G6PD7b 0.15 0.04 0.02
�/G6PD9g 0.11 0.02 0.01
arm/� 0.12 0.02 0.02
arm/4c 0.30 0.03 0.02
arm/5f 0.45 0.06 0.04
arm/7b 0.32 0.08 0.06
arm/9g 0.44 0.06 0.04
Tubulin/� 0.16 0.05 0.03
Tubulin/4c 6.71 0.26 0.02
Tubulin/5f 8.43 0.45 0.26
Tubulin/7b 4.45 1.02 0.59
Tubulin/9g 7.37 0.49 0.28
da/� 0.15 0.06 0.04
da/4c 8.58 2.96 1.71
da/5f 6.13 1.33 0.76
da/7b 5.55 1.06 0.61
da/9g 10.97 2.79 1.61
Appl/� 0.20 0.02 0.02
Appl/4c 0.38 0.04 0.02
Appl/5f 0.72 0.12 0.08
Appl/7b 0.38 0.04 0.02
Appl/9g 0.35 0.01 0.01
D42/� 0.13 0.07 0.04
D42/4c 2.10 0 0
D42/5f 1.93 0.46 0.26
D42/7b 1.40 0.33 0.19
D42/9g 2.25 0.92 0.65
2703/� 0.14 0.03 0.02
C23/4c 2.22 0.68 0.48
C23/5f 2.26 0.47 0.34
C23/7b 1.65 0.35 0.25
C23/9g 2.28 0.88 0.63

TABLE 2
Tisssue-specific expression of RFP in adult flies carrying a reporter
gene construct in combination with different GAL4 driver lines

Tissue
Driver

Arm Tub Da C23 Appl D42
Brain �� �� � � ��� ���
Ventral gangliona � � � � � �
Cardia 	 �� �� �� �
Gut � �
Malpighian tubules �
Salivary gland 	 � ��� ��� ���
Muscles � ��� �� �
Fat bodyb 	 	 	 	 	 	
Oenocytes � �

a A pronounced expression of RFP was observed in motor neurons.
b A slight nonspecific fluorescence was observed in fat bodies isolated from both
control flies and flies expressing RFP.
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results lend strong support to the hypothesis that increasing
G6PD activity, either broadly or in neuronal tissue, is asso-
ciated with extension of life span in Drosophila.
Resistance to Experimental Oxidative Stress—In order to

determine the effects of G6PD overexpression on resistance to
oxidative stress, flies were exposed continuously to 100% oxy-
gen. The survival times of three arm/G6PD genotypes were
increased by 19–38%, p � 0.0005 (Fig. 3). Resistance to para-
quat was also enhanced by 25–47% in two Appl/G6PD geno-
types (p � 0.0005) and by 9–26% in two arm/G6PD genotypes
(p � 0.005 for G6PD 4c and p � 0.12 for G6PD 5f) (Fig. 4).

Oxygen Consumption—The rate of oxygen consumption was
measured inexperimental fliesoverexpressingG6PDdriveneither
by Tubulin-GAL4, da-GAL4, C23-GAL4, or arm/GAL4. The
Tubulin/G6PD genotypes all exhibited significantly lower rates of
respiration than the corresponding �/G6PD controls (p �
0.01), by amounts ranging from 20 to 29%, but there was no
significant difference in comparison with the Tubulin/�
control. Respiration rates exhibited only nonsignificant
decreases in da/G6PD and C23/G6PD genotypes (results not
shown). The respiration rate was slightly lower in arm/G6PD
experimental versus control flies (Fig. 5), but the effect was
not statistically significant with respect to both controls.
These results suggest that the life span extensions displayed
by flies overexpressing G6PD cannot be ascribed to reduc-
tions in metabolic rate.
Fertility—The fertility of G6PD overexpressor and control flies

was determined in reciprocal crosses with the y w parental strain
by counting the number of adult progeny. There were no consist-
ent differences in female fertility between experimental and con-
trol flies, based on two different transgenic lines (Fig. 6); nor were
any differences observed inmale fertility (data not shown).

FIGURE 2. Life spans of flies overexpressing G6PD. Overxpression of G6PD
in arm/G6PD (A), Tubulin/G6PD (B), da/G6PD (C), and Appl/G6PD male flies (D)
resulted in extension of mean and maximum life spans. Results of multiple
replicate experiments are provided in Table 2. n � 189 –220 flies for each
panel. p � 0.0005 for comparisons of mean life spans.

FIGURE 3. Resistance to hyperoxia. Male flies overexpressing G6PD driven
by arm-GAL4 were exposed continuously to 100% oxygen. n � 98 –100 flies
per group. p � 0.0005 for comparisons of mean survival times.

FIGURE 4. Resistance to paraquat. Male flies overexpressing G6PD driven by
arm-GAL4 (A) and Appl-GAL4 (B) were exposed to 5 mM paraquat. n � 94 –98
flies/group. p � 0.01 for comparisons of mean survival times.
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Pyridine Dinucleotide Content—Comparisons of amounts of
NAD�, NADH, NADP�, and NADPH were made between
da/G6PD flies and respective controls at 10 and 36 days of age.

The da driver was selected for this experiment because the
da/G6PD flies exhibited the highest G6PD enzyme activity
among the G6PD overexpressors (Table 1). There were no sig-
nificant differences in the amounts of NAD� and NADP�

between the experimental and control groups at either age (Fig.
7). In contrast, significant increases in amounts of both
NADPH and NADH were found in the older (36-day) experi-
mental flies (da/G6PD 4c and da/G6PD 9g) versus controls. In
the 10-day-old flies, small increases were also observed, but
these only reached statistical significance in the case of NADH
levels (Fig. 7).
Glutathione and Methionine Content—Comparisons of

amounts of GSH, GSSG, and methionine were made between
da/G6PD flies and respective controls at 10 and 36 days. An
increase inGSH/GSSGratiowas found inda/G6PDflies at 36days
compared with the control groups (Fig. 8). This increase was
due to a significantly lowerGSSG content in the da/G6PDover-
expressors, whereas GSH was not significantly affected. Simi-
larly, therewere higher amounts ofmethionine in experimental
as compared with control groups at 36 days of age (Fig. 8).

DISCUSSION

The main finding of this study was that enhancement of the
activity of glucose-6-phosphate dehydrogenase, either broadly
or in neuronal tissues, is associated with an extension of life
span in transgenic D. melanogaster, the basis for which may lie
in the observedmodulation of cellular reductive capacity. Addi-
tionally, the increased activity of this enzyme was associated
with enhanced resistance to experimental oxidative stress and
could not be explained by a decrease in the metabolic rate or
fertility.
Neuronal tissue overexpression alone is sufficient to support

amoderate increase in life span. Given that all six drivers confer
overexpression in the motor neurons, based on RFP analysis,
and in viewof a previous report thatD42-driven overexpression

of SOD1 extends life span, it is
tempting to speculate that the
motor neurons are weak links
wherein antioxidant overexpression
has particularly beneficial effects on
longevity. Notwithstanding, our
analysis of driver-dependent RFP
expression revealed other potential
common regions in the mid-brain
(Fig. 1), which could also represent
candidate weak links, a possibility
that is presently under investiga-
tion. Notably, the strongest longev-
ity effects were associated with
transgenic lines where G6PD is
driven by armadillo and the other
broad expression drivers, suggest-
ing that one or more nonneuronal
domainsmay also beweak links. Ini-
tial indications would point to mus-
cle tissue as a candidate based on
our RFP analysis (Table 2), which
shows that muscle expression is

FIGURE 5. Oxygen consumption. Results for each genotype are mean 	 S.D.
for five groups of 50 male flies, aged 14 –19 days. Black bar, arm/� control.
White bars, �/G6PD controls. Gray bars, arm/G6PD overexpressors. p � 0.003
for arm/G6PD ANOVA. p � 0.004 for arm/G6PD 5f versus arm/�, and p � 0.018
for arm/4c versus �/G6PD 4c. p 
 0.05 for other arm/G6PD versus control
comparisons.

FIGURE 6. Female fertility. Lifetime reproductive outputs, measured as num-
bers of adult progeny, are indicated for arm/G6PD overexpressors (gray bars),
the UAS-G6PD responder controls (white bars), and the armadillo-GAL4 driver
control (black bar). Results are mean 	 S.E. for 20 crosses involving one female
fly of the stated genotype with three y w males. The outputs between experi-
mentals and controls were not statistically distinguishable. A replicate exper-
iment yielded similar results.

FIGURE 7. Pyridine dinucleotide content of whole body homogenates of D. melanogaster overexpress-
ing G6PD at 10 (white bars) and 36 (gray bars) days of age. Results are mean 	 S.D. of three independent
preparations of 25 flies at each age and are expressed as pmol/mg of body weight. Significant differences
between experimental and age-matched control flies are indicated with an asterisk (p � 0.001).
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associated with the four broad expression drivers but not the
neuronal drivers. The use of drivers with greater specificity
should help to test this notion.
G6PD catalyzes the committed step in the oxidative phase of

the pentose phosphate pathway, which converts NADP� to
NADPH and diverts metabolites from energy production to
biosynthesis. In this study, high levels ofG6PD enzymatic activ-
ity were detected in an in vitro assay, but there were only mod-
est increases in the levels of NADPH. These results are consist-
entwith the tight regulation of bothG6PDactivity andNADPH
levels known to occur in vivo. G6PD activity is inhibited by
NADPH and is stimulated as the physiological demands for
NADPH increase (23–25). Post-translational regulation of the
enzyme and feedback inhibition ofNADPH levelsmodulate the
redox balance in vivo (24, 25). In this context, the observed
modest increases in NADPH, especially notable in older flies,
may represent the enhanced capacity of the transgenic overex-
pressors to resist normal, age-related oxidative stress as well as
the increased oxidative stress associated with exposure to 100%
oxygen or paraquat.
NADPH is an indirectly acting antioxidant, which partici-

pates as an electron donor in the regeneration of reduced glu-
tathione and thioredoxin (26). It was therefore notable that the
increase in NADPH was accompanied by an increase in the
GSH/GSSG redox ratio in the G6PD overexpressors, primarily
due to a decrease in the amount of GSSG. It may be parenthet-
ically added that the latter constitutes less than 1% of the total
glutathione content. Therefore, the observed decrease in GSSG
amount in overexpressors would not be expected to have a
readily discernible effect on glutathione content. Since flies do
not have the glutathione reductase enzyme, which normally
converts GSSG to GSH, the thioredoxin system serves in its
stead. As depicted above, reduction of GSSG is thought to be
mediated directly by reduced thioredoxin (Reaction 1),

which itself can be generated from
its oxidized form using NADPH
(Reaction 3).
The finding that an enhanced

capacity for reduction of NADPH is
associated with extension of life
span provides support for the oxida-
tive stress hypothesis of aging. Such
support reinforces the conclusions
of a recent study demonstrating
extension of life span in Drosophila
by overexpression of glutamate-cys-
teine ligase, which catalyzes the
rate-limiting step in the biosynthe-
sis of glutathione (19). In each case,
overexpression of enzymes with
broad effects on the cellular redox
buffer system exhibited beneficial
effects. NADPH, in particular, is
both a direct and indirect determi-
nant of the redox state, via the
NADPH/NADP� couple and the
GSH/GSSG couple, respectively
(27). Furthermore, NADPH may

also affect the levels of NADH via the activity of proton-motive
force dependent transdehydrogenase (Reaction 4). The
increase inNADPH in theG6PD overexpressors could dampen
the forward reaction, providing a sparing effect that results in
the increased NADH levels observed in this study.

NADP� � NADH � HP
� � NADPH � NAD� � HN

�

REACTION 4

Thus, redox couple fluctuations, particularly those that
might be occurring under prooxidizing conditions that accom-
pany aging, might be deleterious at the level of antioxidant
defenses and/or redox-sensitive signal transduction. Bolstering
the capacity tomaintain critical redox couple ratiosmay under-
lie the beneficial effects on survival observed in animals over-
expressing either G6PD or glutamate-cysteine ligase.
The results of both glutamate-cysteine ligase and G6PD

overexpression are notable not only because the life spans were
extended but also because these extensions took place in com-
parison with long-lived reference strains and were not accom-
panied by a marked depression of metabolic rate. A critical
issue in the interpretation of life span studies involving trans-
genic Drosophila is the strength of the recipient strain. If the
controls are weak, then antioxidant overexpressors could live
relatively longer due to a remedial or compensatory effect.
Alternatively, treatments that decrease energy utilization can
extend the life span without exerting a direct effect on the
underlying rate of aging (5). For flies overexpressing G6PD,
mean life spans were frequently greater than 80 days and occa-
sionally greater than 90 days, but there was not a simultaneous,
statistically significant change in the rate ofmetabolism in com-
parison with both driver and responder controls. In contrast,
overexpression of the antioxidative enzyme, superoxide dis-

FIGURE 8. GSH/GSSG ratio and GSH, GSSG, and methionine content of whole body homogenates of
D. melanogaster overexpressing G6PD at 10 (white bars) and 36 (gray bars) days of age. Results are
mean 	 S.D. of three independent preparations of 25 flies at each age and are expressed as pmol/mg of body
weight. Significant differences between experimental and age-matched control flies are indicated with an
asterisk (p � 0.001).
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mutase, generally extended life spans in short- but not long-
lived genetic backgrounds (28).
Collectively, the results of this study suggest that an augmen-

tation of G6PD activity and supply of NADPH in Drosophila
improves the in vivo response to age-related oxidative stress.
The fact that the life span of the flies is extended, both in the
presence and absence of experimental stress and in a long-lived
genetic background, provides powerful evidence supporting
the oxidative stress hypothesis of aging.
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