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The effects of an alpha-ketoglutarate-supplemented diet on lifespan and functional senescence were
evaluated in the Canton S strain of Drosophila melanogaster. The results suggest that effects of dietary alpha-
ketoglutarate (AKG) are dose- and gender-dependent. In males, diets containing 1-10 mM AKG did not affect
mean and maximum lifespans, except that an increased maximum lifespan observed at 10 mM AKG. Diet with
20 mM AKG shortened median lifespan and had no effect on maximum lifespan of males. In females, diets
with low concentrations of AKG (1 and 5 mM) did not affect lifespan, whereas diets supplemented with 10 and
20 mM AKG increased both median and maximum lifespans. At a lifespan-prolonging concentration (10 mM),
AKG decreased fecundity, increased cold resistance and had no effect on climbing activity or resistance to
oxidative stress in flies of either gender at middle (24 days) and old (40 days) ages. Moreover, middle-aged
AKG-fed females but not males were more resistant to heat stress that was accompanied by higher levels of
HSP90 protein as compared with controls. Middle-aged flies on AKG-supplemented diets showed elevated
oxidative stress and had higher total protein and triacylglycerol levels as compared with controls. Hence,
anti-aging effects of AKG do not seem to be related to preventing oxidative stress development but involve
metabolic rearrangement and synthesis of specific protective proteins, which aid to resist destructive pro-
cesses with age.
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R ecent studies have demonstrated that certain
normal endogenous metabolites are able to
modulate aging and lifespan in a similar
manner in evolutionarily diverse organisms. Alpha-
ketoglutarate (AKG) is one of the small metabolites
whose anti-aging effects are actively studied [1-5].
As an intermediate of the tricarboxylic acid (TCA)
cycle, AKG is produced by oxidative decarboxyla-
tion of isocitrate catalyzed by isocitrate dehydroge-
nase as well as from glutamate by oxidative deami-
nation via glutamate dehydrogenase, or as a product
of various transamination reactions [3]. Some studies
have shown that AKG as a dietary supplement can
prevent the functional decline of many processes
with age and modulate lifespan. In particular, re-
ported potential anti-aging effects of AKG included
redox state stabilization and improvement of blood

vessel elasticity in aged mice [1]. Moreover, AKG
supplementation was found to extend lifespan of the
nematode Caenorhabditis elegans via promotion of
a state similar to that induced by dietary restriction
[2]. Using a fruit fly Drosophila melanogaster w8
line we recently found that dietary AKG prevented
partially an age-dependent functional decline in flies
[4, 5]. Locomotor activity assessed by a climbing ac-
tivity test and greater resistance to selected stresses
were among the age-related physiological changes
in flies. In particular, food supplemented with AKG
prevented a decline in climbing activity and sus-
tained resistance to temperature stress in middle-
aged (24 days) adult w** flies compared with young
flies (2-day old) [4]. In middle-aged females W8,
dietary AKG did not affect oxidative stress parame-
ters, but increased total protein and triacylglycerol
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levels [5]. The aim of the present study was to de-
termine if these metabolic changes and the ability
of AKG to slow functional senescence in middle-
aged females were related to lifespan extension in
D. melanogaster. Together with lifespan analysis
we also evaluated a variety of metabolic, locomotor
activity and stress resistance parameters as well as
female fecundity in middle-aged (24 days) and old
(40 days) flies in order to define physiological and
behavioral characteristics affected by AKG-supple-
mented diets and potentially indicative of extended
lifespan.

Materials and Methods

Fly stock and rearing. D. melanogaster Canton
S flies were kindly provided by Bloomington Stock
Center (Indiana University, USA). All fly cultures
were kept at 25 °C, 55-60% humidity in a 12-h dark/
light cycle. Experimental fly cultures were reared on
medium containing 5% (w/v) sucrose, 5% (w/v) dry
yeast, 1% (w/v) agar, 0.18% (w/v) methylparaben to
inhibit mold growth, and different concentrations
0, 1, 5, 10, 20 mM) of the disodium salt of alpha-
ketoglutarate (AKG).

Fecundity test. Newly eclosed flies, one male
and one female, were transferred in small vials with
0.7 ml of the same food as they fed at egg and larval
stages. Food was changed every other day. The num-
ber of eggs laid by individual female (in one vial)
was counted at 24 h after transfer onto fresh food [6].
Measurements were performed during the first 22
days of adult life. Eggs were counted every second
day. Eighteen fly pairs were tested for each control
and AKG group.

Lifespan assay. Newly eclosed flies were trans-
ferred onto fresh food of the same composition and
held for 2 days. Then, flies were separated by sex
under light CO, anesthesia and approximately 80-
100 flies of each sex were placed in the demographic
cage with volume of 1.5 I. A plastic vial filled with
5 ml of food (control or experimental) was attached
to the cage. The food was changed every second day.
Three independent trials with about 80-100 flies per
diet and sex were performed. Maximum lifespan
was defined as the mean lifespan of the last 10%
survivors.

Climbing activity and stress resistance assays.
Flies were separated by sex under CO, anesthesia
and transferred to empty vials to recover (120 min).
After this, flies were used for various physiological
tests. To induce a climbing response, flies were gen-
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tly tapped to the bottom of the vial and given 20 sec
to climb 5 cm upwards [6]. After this, the number of
the flies that climbed a distance of >5 ¢cm was coun-
ted and expressed as a percentage. Flies in each vial
were tested three times and means were calculated.
Cold tolerance was estimated as the time required
for recovery from chill coma [7]. Vials containing
8-10 adult flies (24 d old) were put in a water bath
with melting ice (0 °C) for 2 h. Flies were then trans-
ferred into Petri dishes at ambient laboratory tem-
perature (25 °C) and chill coma recovery time was
monitored. A fly was considered as having recovered
from chill coma when it was able to stand on its legs.
To evaluate resistance to heat stress, single flies were
transferred into small glass vials with cotton stop-
pers and placed in water baths set at 40 °C. Full im-
mobility of the fly was referred to as heat-induced
paralysis, and the time taken to reach coma was re-
corded [8]. To measure starvation resistance, groups
of 10 flies (24 d old) were transferred to 24 ml glass
vials containing 1.25 ml of 1% agar and plugged
with cotton in order to prevent desiccation. Dead fly
number was recorded every 24 h. For the oxidative
stress assay, 10 flies were transferred into vials con-
taining folded strips of cellulose filter paper soaked
with 0.8 ml of 5% (w/v) sucrose solution containing
5% (w/v) H,O,. Survivors were counted at defined
time intervals over 48 h of exposure. In starvation
and oxidative stress tests, data were expressed as the
percentage of flies that survived.

Preparation of homogenates of flies for me-
tabolite analyses. Flies from groups that were to be
processed for subsequent biochemical analyses were
flash frozen in liquid nitrogen and then stored frozen
at -65 °C until use. Frozen flies were weighed and
homogenized in lysis buffer (50 mM potassium phos-
phate buffer (pH 7.0), I mM phenylmethylsulphonyl
fluoride, 0.5 mM EDTA) at 1 : 10 ratio (w/v). After
centrifugation at 16,000 g for 15 min at 4 °C in an
Eppendorf 5415 R centrifuge (Hamburg, Germany),
the supernatants were collected and used for dif-
ferent assays and protein determination with spec-
trophotometers Spekol 211 (Carl Zeiss Jena, Jena,
Germany) and SF-46 (LOMO, USSR). Supernatants
were kept on ice.

Assays of catalase activity and soluble protein
concentration. The activity of catalase (EC 1.11.1.6)
was measured by monitoring disappearance of hy-
drogen peroxide at 240 nm using the extinction co-
efficient for H,0, of 39.4 M'cm™ [9]. One unit of
catalase activity was defined as the amount of the
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enzyme consuming 1 umol of H,O, per minute; the
activity was expressed as international units per mil-
ligram of the soluble protein (U mg protein?). Solu-
ble protein concentration was determined by the
Coomassie brilliant blue G-250 dye-binding method
[10].

Assays of protein thiols, low-molecular mass
thiols, and lipid peroxide levels. Free thiols were
measured spectrophotometrically by the Ellman
procedure with 5,5'-dithiobis-2-nitrobenzoic acid
(DTNB) at 412 nm [11]. Briefly, the sum of solu-
ble low molecular mass and high molecular mass
(protein) thiols was measured in the supernatants.
To determine the nonprotein low-molecular mass
thiols (L-SH), trichloroacetic acid was added to su-
pernatants to a final concentration of 10% followed
by centrifugation (10,000 g for 15 min at 21 °C) to
precipitate protein. The supernatants were then used
to assay L-SH. Absorption was read at 412 nm and
a molar extinction coefficient for thiol conjugates
with DTNB of 14x10° M*cm™ was used to calculate
thiol levels. Protein thiol content was calculated by
subtraction of the amount of low-molecular mass
thiols from the total values. Thiol concentrations
were expressed as micromoles of SH-groups per
gram of wet mass. Lipid peroxide (LOOH) content
was assayed with xylenol orange [12]. For this, flies
were homogenized 1 : 20 (w/v) in 96% cold (~5 °C)
ethanol, centrifuged for 5 min at 16,000 g at 4 °C
and supernatants were used for assay. The content
of LOOH was expressed as nanomoles of cumene
hydroperoxide equivalents per gram of wet mass.

Assays of glucose and triacylglycerol concen-
trations. Glucose levels were measured using a diag-
nostic kit Liquick Cor-GLUCOSE (PZ Cormay S.A.,
Lomianki, Poland) following the manufacturer’s in-
structions. For assay, aliquots of supernatants pre-
pared as above for metabolite analysis were heated
at 70 °C for 5 min to denature protein followed by
centrifugation to precipitate protein. Supernatants
were saved and used for measurement of glucose
levels. Standard glucose solutions in a concentration
range from 2 to 20 pg ml™* were used to build a cali-
bration curve. For triacylglycerol assay, pre-weighed
flies were homogenized in chilled 10 mM PBST
buffer (phosphate buffered saline containing 0.05%
Triton X100) in a ratio 1 : 50 (mg flies : ul buffer).
Homogenates were heated for 10 min at 70 °C to de-
nature proteins. Triacylglycerol (TAG) levels were
measured using a diagnostic kit Liquick Cor-TG
(PZ Cormay S.A., Lomianki, Poland) following the
manufacturer’s instructions. Standard TAG solutions

in the concentration range from 3 to 30 ug ml* were
used for calculation of TAG content in flies. The
levels of glucose and TAG were expressed as mil-
ligrams per gram of wet mass.

Determination of total free amino acid and pro-
line levels. To determine levels of free amino acids
and proline, proteins in fly extracts were precipitated
with 10% trichloroacetic acid (final concentration)
followed by centrifugation for 5 min at 13,000 g at
room temperature. Free proline levels were measu-
red according to the procedure of Bergman and
Loxley [13] based on reaction of proline with nin-
hydrin forming red pigment with absorbance peak
at 512 nm. Proline solutions containing from 2 to
100 nmol were used for the calibration curve. The
proline concentrations were expressed as micro-
moles per gram of wet mass. Total free amino acid
concentrations in fly extracts were determined by
reaction with ninhydrin with absorbance of formed
complex measured at 570 nm [14]. Glutamic acid in a
range from 2 to 80 nmol was used for the calibration
curve. The total pool of amino acids was expressed
as micromoles of glutamic acid equivalents per gram
of wet mass.

SDS-PAGE and western blotting. Twenty fro-
zen flies were homogenized on ice at 1:20 ratio (w/v)
in a cold RIPA buffer (# R0278, Sigma-Aldrich) con-
taining 480 mg urea (8 M), 50 mg sodium dodecyl
sulfate (SDS) (5%), and 50 pl of protease inhibitor
solution (Carl Roth GmbH + Co. KG (Karlsruhe,
Germany), #3743.1) in a final volume of 1 ml. Af-
ter centrifugation at 16,000 g for 15 min at 4 °C,
the supernatants were collected and used for soluble
protein determination and western blot procedure.
Protein concentration was determined by Bradford
assay [10]. For western blotting, supernatants were
mixed with Laemmli buffer (Sigma-Aldrich, #S3401)
at ratio of 6 : 1 (ul/ul) and heated for 5 min at 90 °C
to denature protein. Denaturing polyacrylamide
gel electrophoresis (SDS-PAGE) was performed on
7.5% stacking and 10% separating gels in standard
Tris-glycine buffer (pH 8.3). Equal quantities of sam-
ples containing 20 ug of total protein were loaded
onto separate SDS-PAGE lanes. PagerRuller plus
prestained protein ladder (ThermoFisher Scientific,
#26619, 3 ul/lane) was loaded into the first lane to
verify electrotransfer of proteins. Electrophoresis
was performed at 100 V through the stacking gel
for about 30 min and 180 V through the separat-
ing gel for 2 h. Proteins fractionated by SDS-PAGE
were electroblotted onto nitrocellulose membrane
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(ThermoFisher Scientific, #1B4010-01). The effi-
ciency of transfer and equality of proteins in each
lane was carefully monitored by Ponceau-S (Sig-
ma-Aldrich, #P3504) staining. The membrane was
blocked with 5% (w/v) non-fat dried milk in PBS
(phosphate-buffered saline) buffer containing 0.05%
(v/v) Tween-20 (Sigma-Aldrich, #P1379) for 1 h with
gentle shaking at room temperature. Primary anti-
bodies were diluted 1:1,000 in PBS-0.1% Tween-20
containing 0.5% dried milk. The blots were incuba-
ted with diluted rabbit polyclonal anti-HSP90 (Cell
Signaling Technology, #4874S) overnight at 4 °C
with gentle shaking and then washed three times in
PBS-0.1% Tween-20. The blots were further incu-
bated in anti-rabbit-IgG-HRP-linked antibody di-
luted (Cell Signaling Technology, #7074S, 1:2,500
dilution) for 1 h with shaking at room tempera-
ture followed by three times washing in PBS-0.1%
Tween-20. The cross-reacting protein band signals
were detected using Pierce ECL Western Blotting
Substrate (ThermoFisher Scientific, #32209). After
staining, the blots were scanned immediately, and
the intensities of the reactive protein bands were
measured in arbitrary units using TotalLab Quant
Software.

Statistical analysis. Lifespan and stress re-
sistance curves were analyzed by the Log rank
test using R Project (R version 3.2.4 software). A
two-tailed Student’s t-test and analysis of variance
(ANOVA) followed by a two-tailed Dunnett’s test
were used for statistical analysis of fecundity and
maximum lifespan, respectively. The rest of the data
(column graphs) were analyzed by two-way or three-
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way ANOVA (Origin 8.5 SR1 software) when two or
three factors, respectively, were varied: diet (control
food vs. AKG-supplemented food), gender (males v
vs. females), and age (24-day old flies vs.40-day old
ones). Experimental data are expressed as the mean
value + standard error of the mean (SEM) and P
value < 0.05 was considered as significant.

Results and Discussion

Alpha-ketoglutarate supplementation mod-
ulates D. melanogaster lifespan in concentra-
tion- and gender-dependent manners. Previously,
AKG was found to increase lifespan in nematodes
(C. elegans) in a concentration-dependent way, with
8 mM AKG promoting maximum lifespan exten-
sion [2]. In this study, we examined the ability of
dietary AKG to prolong lifespan of D. melanogaster
flies. For this aim, wild-type Canton S males and
females were cultured starting from the egg stage
on standard food (5% yeast / 5% sucrose) supple-
mented with 0, 1, 5, 10 or 20 mM AKG. Males and
females had similar lifespans when were fed con-
trol food (Fig. 1). Mean and maximal lifespans of
males were not affected by food containing 1 or
5 mM AKG (Fig. 1, A and Table 1). Consumption
of food supplemented with 10 mM AKG extended
the maximum lifespan of males by 11%, without af-
fecting mean lifespan, compared to controls (Fig. 1,
A and Table 1). Food supplementation with 20 mM
AKG promoted shorter lifespan and higher age-de-
pendent mortality in males compared to the control
group (P < 0.001, log-rank test), indicating possible
toxic effects of AKG at the higher concentrations
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Fig. 1. Survival of male (A) and female (B) Canton S flies fed diets with different AKG concentrations. The
difference between lifespans was analyzed by a log-rank test with 200-300 flies in each group. For more in-

formation see Table 1
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(Fig. 1, A). As a result, males fed with 20 mM AKG
had a 13.7% shorter mean lifespan but unchanged
maximum lifespan, compared to controls (Table 1).
In females, lower concentrations of AKG (1 and
5 mM) did not affect lifespan (Fig. 1, B). Significant
differences were found between lifespans of control
females and females fed with 10 and 20 mM AKG
(P < 0.001, log-rank test). Accordingly, females had
23 and 11% longer mean lifespan and 22 and 19%
longer maximum lifespan on food supplemented
with 10 and 20 mM AKG, respectively, compared to
controls (Table 1). Thus, AKG changed both mean
and maximum lifespan in D. melanogaster Canton S
in a concentration-dependent manner, being particu-
larly effective at 10 mM AKG and with a substan-
tially greater effect on female flies. Opposite effects
of 20 mM AKG on lifespan of Canton S males and
females suggest that high concentrations of AKG are
more toxic for male flies than for female ones.
Alpha-ketoglutarate does not confer stress re-
sistance in old flies and reduces fecundity. Decline
in locomotor activity and stress resistance are the
most studied age-related changes in D. melanogaster
[6, 8, 15]. To evaluate the ability of dietary AKG to
modulate functional senescence, we measured lo-
comotor activity and resistance to several stresses
in middle-aged (24 days) and old (40 days) flies
maintained on control food versus food containing
10 mM AKG. This concentration of AKG was cho-

sen because it had the greatest lifespan-promoting
effect in the prior experiments.

Locomotor function was measured by using a
climbing assay based on negative geotaxis behavior
[15]. Climbing activity was not affected by diet
and gender but depended on age of flies (Fig. 2, A).
Expectably, middle-aged flies of both genders had
higher climbing activity than respective old ones
(Fig. 2, A). Values of climbing activity of flies fed
food supplemented with 10 mM AKG were not sig-
nificantly different from the corresponding control
group for either sex. Hence, AKG did not improve
locomotor behavior in either middle-aged or old
flies. These results are not fully consistent with our
previous study using the w8 strain in which dietary
AKG improved the climbing activity of both males
and females in middle-aged groups [4].

To compare stress resistance of flies fed control
and AKG-supplemented food, we examined sensi-
tivity of middle-aged and old flies to H,O,-induced
oxidative stress, starvation, and temperature stress.
Maintenance on the food with AKG did not affect
resistance to H,O, by flies in either age group (Fig. 2,
B). Middle-aged (24 d old) males but not females
from both control and experimental groups were
more sensitive to hydrogen peroxide than respective
40-day old ones. Independent of food type and age,
females were more resistant to hydrogen peroxide
than males with a high percentage of females (about

Table I Lifespan trials of control flies and flies fed food supplemented with AKG

Total no. of flies AKG concentration Mean lifespan Log-rank _ Maximum
(mM) (days) (%change) (vs control) lifespan (days)
Males
391 0 (control) 479+ 0.7 63.1+0.6
252 1 478 + 0.8 (0) P =0.161 62.6 £ 0.7
242 5 471+£09 (-17) P =0.190 62.9+0.9
330 10 49.2 + 0.8 (+2.8) P=0121 69.9 + 0.5*
338 20 41.4 £ 0.9 (-13.6) P <0.001 61.7 £ 0.7
Females
234 0 (control) 46.4 +0.8 61.1+0.6
316 1 472 +£0.7 (+1.7) P =0.190 61.5+£0.5
265 5 470+ 0.8 (+1.3) P =0.640 617 £ 0.6
276 10 571+ 1.0 (+23.0) P <0.001 74.8 + 0.4*
331 20 51.7 £ 0.9 (+11.4) P <0.001 727+02%*

Maximum lifespan was defined as the mean lifespan of the last 10% survivors. *Significantly different (P < 0.01) from
the control group as evaluated by one-way ANOVA with Dunnett’s test
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Fig. 2. Climbing activity and oxidative stress resistance of 24-day and 40-day old Canton S flies fed control
food or food supplemented with 10 mM AKG. (A) Climbing activity was measured as the percentage of flies
that climbed 5 cm upwards in 20 seconds. Data are means = SEM of three independent experiments with 30-
40 flies per gender and are analyzed by three-way ANOVA. (B) Effects of 5% H,0O, on the survival of flies. Data
are means = SEM of three independent experiments with 20 flies per replicate

60-80%) still alive after 48 h whereas less than 10%
of males were alive. Similar sex-specific differences
in oxidative stress resistance in relation to longevi-
ty have been reported recently [16]. Previously, we
did not find any effects of dietary AKG on oxidative
stress resistance in 24-day old w8 females and the
same was true here. Diet supplemented with AKG
conferred resistance to hydrogen peroxide only in
young (2-day old) flies [5].

Resistance to heat stress was evaluated in flies
by measuring time taken to reach heat coma. Heat
coma onset depended on age and gender but not
on diet individually. We also found the interaction
between diet and age was on heat stress resistance
(Fig. 3, A). Diet with AKG increased heat stress re-
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sistance in 24-day old flies only but did not confer
the resistance in 40-day old ones. Independent of
diet, middle-aged flies were more resistant to heat
stress than 40-day old ones. The obtained results are
consistent with higher heat stress resistance observed
previously for 24-day old AKG-fed w!® females
compared with control ones [5]. It should be noted
that feeding with AKG-containing diet increased the
HSP90 protein content in unstressed females deter-
mined by immunoblotting, but did not affect HSP90
level in males as compared with controls (Fig. 3, B).
Since the importance of HSP90 function to the heat
shock response in D. melanogaster has been clearly
documented [17], higher level of HSP90 protein in
AKG-fed females could contribute to the higher heat
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Fig. 3. Stress resistance of 24-day and 40-day old Canton S flies fed control food or food supplemented with
10 mM AKG. (A) Time of onset of thermally-induced coma at 40 °C. Data are means = SEM of three inde-
pendent experiments with 10-12 flies of each gender per replicate and are analyzed by three-way ANOVA.
(B) Western blot of HSP90 protein from bodies of 24-day old flies. Samples of 20 ug of total protein were ap-
plied in each lane. Data are from a representative experiment (C) Recovery time from chill coma in 24-day
old flies. Data are means = SEM of three separate experiments with 10-20 flies per gender and are analyzed
by two-way ANOVA. (D) Survival during starvation. Data are means + SEM of three independent experiments
with 10 flies per replicate. The difference between survival curves was analyzed by a log-rank test

stress tolerance of these flies compared with control
ones. In support of this, AKG was found recently to
increase levels of heat shock proteins (HSP70 and
HSP90) in fish [18].

To assess cold tolerance, the recovery from
chill coma was monitored for 24-day old flies. Cold
tolerance depended on both diet and gender (Fig. 3,
C). Independent on diet type, females were more re-
sistant to cold treatment than males. Both 24-day old
males and females fed on food supplemented with
AKG recovered from chill coma faster (by 12% and
16%, respectively) than control ones. Thus, AKG-
supplemented diet increased resistance to cold stress
in middle-aged flies that is line with our previous

data on young Canton S flies [7] and middle-aged
w8 flies [5].

The diet with AKG did not enhance resistance
to starvation for either 24-day old males or females
and, indeed, AKG-fed females were actually more
sensitive to starvation than controls (Fig. 3, D).
However, independent of diet type, males were much
more sensitive to starvation than females with males
surviving no more than 2 days of starvation whereas
about 25% of females were still alive after 5 days.

In Drosophila, lifespan is often inversely corre-
lated with fecundity [8, 19]. On the other hand, drugs
that achieve longevity benefits by reducing fecundity
were proposed as probably not useful for the even-
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tual treatment of aging [6]. We showed previously
that food supplemented with AKG significantly de-
creased fecundity of w8 females [5]. Here, we ob-
served similar results for Canton S females, which
had lower average fecundity on food containing
10 mM AKG, compared to controls at most ages,
ranging from 6 to 16 days old (Fig. 4).

Thus, food supplemented with AKG decreased
fecundity in females and increased tolerance to cold
treatment in both genders. However, dietary AKG
did not improve locomotor activity or resistance
to starvation, oxidative or heat stresses in middle-
aged and old Canton S flies of both genders, except
that middle-aged females showed higher heat stress
resistance than controls. Since we demonstrated
an earlier a positive impact of AKG on locomotor
activity, oxidative and temperature (cold and heat)
stresses in middle-aged w8 flies [4, 5], the results
of the present study surmise that effects of AKG on
functional senescence in Drosophila can be strain-
specific.

Relationship between effects of AKG on physio-
logical traits and levels of some metabolites in 24-
day old flies. To test if physiological effects of AKG
were connected with changes in metabolic process-
es, we measured certain biochemical parameters in
24-day old Canton S flies reared on control food and
food containing 10 mM AKG.

Protective proteins and low molecular mass
compounds with cryoprotective properties, such as
amino acids (proline) and carbohydrates (glucose
and trehalose) are important components of insect
cold resistance [7, 20]. Earlier, we showed that die-
tary AKG increased cold tolerance in young Can-
ton S and W' flies reared on AKG supplemented
diet; cold tolerance correlated with higher levels of
soluble protein and free amino acids, in particular
proline [5, 7]. In middle-aged w**® flies, AKG-pro-
moted cold resistance was accompanied with higher
levels of protein, free amino acids, and glucose in
females only but not in males [4]. In this study, we
found that levels of total free amino acids (Fig. 5, A)
and proline (Fig. 5, B) were not affected by diet and
gender, whereas glucose level (Fig. 5, C) and solu-
ble protein (Fig. 5, D) depended on diet type. Ad-
ditionally, protein level depended on gender of flies
(Fig. 5, D). Thus, diet supplemented with 10 mM
AKG promoted 35% and 22% higher total glucose
levels (Fig. 5, C), and 19% and 38% higher soluble
protein levels (Fig. 5, D) in middle-aged males and
females, respectively, compared to control flies. Be-
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Fig. 4. Fecundity of Canton S females fed with con-

trol food or food supplemented with 10 mM AKG at

different ages. Data are means + SEM for values

obtained from 18 females per group. *Significantly

different (P < 0.05) from the corresponding value in

control group by Student’s t-test

sides low-molecular mass cryoprotective molecules,
an increased level of total proteins was found to be
protective in cold-selected lines of D. melanogaster
[20]. Therefore, we propose that the higher total solu-
ble protein levels in AKG-reared Canton S flies may
also be contributing to their increased cold tolerance.

In addition to higher protein levels, females
fed with AKG possessed 49% higher TAG levels
(Table 2) compared to the controls. Higher levels of
protein and TAG in middle-aged females can be also
connected with lower fecundity of flies on the AKG-
supplemented diet (Fig. 4). Egg production requires
both protein synthesis and energy expenditure.
Therefore, it can be supposed, that control females
spent more protein and energy for egg laying and as
a result they accumulated fewer fuel reserves, such
as TAG, as compared with AKG-fed flies. Body lipid
content often correlates with starvation resistance in
insects [21]. In our case, higher TAG levels (Table 1)
did not confer resistance of AKG-fed flies to starva-
tion (Fig. 3, B). Similar results were demonstrated
by Hoffmann et al. [22] who observed no correlation
between starvation resistance and body lipid content
in D. melanogaster females from different popula-
tions. On the other hand, increased lipid stores were
shown to be one of characteristics of long-lived lines
of flies [6].
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Fig. 5. Levels of free amino acids (A), proline (B), glucose (C), and water-soluble protein (D) in whole bodies
of 24-day old male or female Canton S flies fed control food or food supplemented with 10 mM AKG. Data are
means + SEM, n = 4-8. Statistical analysis was performed by using two-way ANOVA

Table 2. Levels of triacylglycerols and lipid peroxides in 24-day old Canton S females fed control food or
food supplemented with 10 mM AKG

Conditions
Parameter
Control | 10mM AKG
Triacylglycerols (mg/g wet mass) 254+27 37.8 +2.6*
Lipid peroxides (nmol cumene equivalents/ g wet mass) 963 £ 62 1372 + 104*

Data are means + SEM, n = 4-6. *Significantly different (P < 0.05) from control group by Student’s t-test
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Fig. 6. Selected characteristics of antioxidant defense in 24-day old Canton S flies fed control food or food sup-
plemented with 10 mM AKG: (A) catalase activity, (B) levels of protein thiols, and (C) levels of low-molecular
mass thiols. Data are means £ SEM, n = 4-8. Statistical analysis was performed by using two-way ANOVA

Alpha-ketoglutarate induces oxidative stress
in 24-day old flies. Previously, it was found that
AKG modulated redox homeostasis in aged mice
[1]. However, in our study with D. melanogaster
w8 females, a positive effect of AKG on antioxi-
dant status of middle-aged flies did not occur [5].
Here, we decided to explore the influence of AKG
on the antioxidant system of 24-day old Canton S
flies. For this aim, the activity of catalase, a major
antioxidant enzyme, and levels of oxidative stress
markers, namely thiol-containing compounds and
lipid peroxides, were measured. Independent of gen-
der, diet type affected calalase activity and levels of
low molecular mass thiols (L-SH) (Fig. 6, A and C)
but had no influence on protein thiol levels (Fig. 6,
B). Middle-aged males and females fed AKG-con-
taining diet showed lower catalase activity by 28 and
50%, respectively (Fig. 6, A), and 38 and 29% higher
L-SH levels (Fig. 6, C), compared to control flies. In
addition, AKG-fed females had a 42% higher level of
lipid peroxides than controls indicating a possible in-
crease in ROS-induced lipid peroxidation (Table 2).

The results suggest that AKG promoted
development of oxidative stress in middle-aged
Canton S flies of both genders. Previous studies
showed that AKG can lead to an increase in produc-
tion of reactive oxygen species (ROS) via changes
in mitochondrial metabolism [2, 23]. Increased ROS
levels, in turn, can promote an increase in oxidation
of biomolecules and/or activation of antioxidant de-
fenses. Our results give some support to this idea
because of the increased levels of lipid peroxides (a
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marker of oxidative stress) and levels of low molecu-
lar mass thiol antioxidants found in AKG-fed flies.
Glutathione is the most abundant thiol-containing
molecule among low molecular mass thiols and plays
key roles in the cellular control of ROS levels [24].
The ability of AKG to serve as a glutamate precur-
sor for glutathione biosynthesis was shown earlier in
human erythrocytes [25]. Therefore, we propose that
in our experiments dietary AKG could be partially
used for glutathione biosynthesis resulting in the in-
creased L-SH levels in males. A main function of
catalase is to scavenge hydrogen peroxide, one is the
most abundant ROS. At the same time, when ROS
levels are significantly increased, catalase can also
undergo oxidative inactivation [24]. Thus, the lower
catalase activity in AKG-fed flies could be due to
the sensitivity of this enzyme to ROS attack, but it
cannot be excluded that AKG could affect enzyme
expression.

Is oxidative stress connected with longevity ef-
fects of AKG? Physiological effects of oxidative stress
were proposed to depend on its intensity. Whereas
strong oxidative stress has lethal effects and de-
creases longevity, the stress of low and intermediate
intensity may have beneficial effects for organisms
[24]. It is well-established that many low intensity
stresses induce adaptive responses that can confer
resistance to other strong stresses, delay behavioral
aging and even prolong lifespan in D. melanogaster
[26, 27]. However, not all mild stresses demonstrated
similar effects on the various traits analyzed [27]. In
particular, low doses of hydrogen peroxide increased
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lifespan of D. melanogaster flies, but did not have
positive effect on behavioral aging, resistance to heat
or starvation [26]. In line with this, in our experi-
ments, dietary AKG stimulated a degree of oxida-
tive stress development but without positive effects
on climbing activity, resistance to hydrogen peroxide
or starvation in middle-aged flies, whereas it posi-
tively affected recovery from chill coma in flies of
both genders and heat stress resistance in females.
These data suggest that the AKG-mediated stress re-
sponse may involve the induction of specific stress-
protective mechanisms, and the induction of HSP
synthesis can be among them. In particular, AKG
has been shown recently to increase expression of
HSP70 and HSP90 genes in fish liver [18], that sup-
ports our results.

Despite AKG induced oxidative stress in flies
of both genders, lifespan extension was found only
in AKG-fed females but not in males (Fig. 1, A and
B). Therefore, we cannot definitely link oxidative
stress to lifespan extension effects of AKG. It has
been shown recently, that D. melanogaster flies
lived longer on 10% carbohydrates than on 2% diets.
Herewith, flies fed on 10% carbohydrates had higher
levels of lipid peroxides and lower catalase activity
than those fed 2% carbohydrates [28]. In our study,
similar results were found for AKG-fed flies. The
data indicate that the efficiency of antioxidant sys-
tem and accumulation of oxidatively modified bio-
molecules are not tightly associated with aging and
longevity of D. melanogaster.

This study demonstrates that AKG-supple-
mented food modulates lifespan of D. melanogaster
in dose and gender-dependent manners. The lifes-
pan-prolonging effects of the diet containing AKG
were more expressed in Canton S female cohorts
than in males. Collectively, the results suggest that
the modulation of age-related metabolic changes
rather than modulation of antioxidant defenses could
underlie the lifespan-prolonging effects of AKG. Dif-
ferent effects of AKG on lifespan in female and male
D. melanogaster indicate the importance of using
both genders to study the role of the diets in pro-
cesses related to lifespan, reproduction, and stress
resistance. Furthermore, since we previously demon-
strated a positive impact of AKG on climbing activi-
ty and oxidative stress resistance in another D. mela-
nogaster line, the results of the present study suggest
that effects of AKG on functional senescence in
Drosophila can also be strain-specific and can de-
pend on genetic background.
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JlocmikeHO  BIUIMB — ajib(a-KeTornyTapaTy
(AKT") nHa TpuBamicTh XHUTTS Ta (yHKLIOHAJBHE
crapiaus Drosophila melanogaster ninii Canton S.
[okazano, mo edextu AKI 3anexars Bij #oro
KOHIeHTpamii Ta crati Myx. JlomaBaHHsS 10 ki
1-10 MM AKI He BIIHMBajIO HA CEPEIHIO Ta MaK-
CHUMaJIbHY TPUBAJICTh KUTTS CaMIIiB, 32 BUHSITKOM
301JTBIIEHHS] MaKCUMAaJIbHOT TPHUBAJOCTI XKUTTA 3a
10 MM AKT. Boanouac, AKT" (20 MM) ckopouyBaB
CEpETHIO 1 HE BIJINBAB HA MAKCUMAIIBHY TPUBAJIICTh
*UTTs camiliB. Y camok AKI' 3a koHuenTpariit 1 i
5 MM He BIUIMBaB Ha TPUBAJIICTh KUTT, a 32 BH-
mux (10 Ta 20 MM) — 3611bI1yBaB SIK CEpEIHIO, TaK i
MaKCHUMaJIbHY TPUBAJIICTh KHUTTS. 3a KOHLIEHTpaLii,
sika 301TbITyBaIa TPUBANICTE KUTTA (10 MM), AKT
3HIKYBaB TUIOMIOYICTh, MiJABUINYBaB CTIUKICTH 110
XOJIOZIOBOT'O CTPECY, IPOTE HE BIIJIMBAB HA 1HIYKO-
BaHy PyXOBY aKTHBHICTh Ta CTIMKICTh 0 OKHCIIO-
BaJILHOTO CTpecy B MyX 000X cTaTell cepenHbOro
(24 mHi) 1 craporo (40 guiB) Biky. JocmiaHi caMKu
CEPEeHbOTO BiKY, aJie He caMili, OyJiu CTIHKIIIMU
JI0 TEIUIOBOI'O CTPECY Ta MaJld BUILIMH BMICT IPOTEi-
Hy HSP90, Hix koHTpOibHI 0coOMHHN. OKpiM TOTO,
MYXH CEpPEeHBOTr0 BiKy Ha cepenosuili 3 AKI" maau
BUIIIl TTOKA3HUKU OKUCIIOBAIILHOTO CTPECy, BUIIUN
BMICT 3arajbHOr0 IpOTEIHY Ta TPUALMIITIIILIEPOITIB.
Pe3ynbraTy cBiggaTh PO TE, 110, IEPEAyCiM, MOIY-
JISALIST BIKOBUX 3MIH OCHOBHOTO MeTa0oJi3My, a He
3HMKEHHSI IHTEHCHUBHOCTI OKCHAATUBHOIO CTpECY,
JeKUTh B OCHOBI repomporekTopHoi aii AKI™ Ha
D. melanogaster.
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KnrmoduoBi cioBa: iHIyKOBaHA PyXOBa aK-
TUBHICTb, IJIOIFOYICTh, CTIHKICTH JIO CTPECIB, OKHC-
JOBAJIBHUN CTPEC, UK TPUKAPOOHOBUX KUCIIOT.
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HccnenoBaHo BiMsiHME alib(ha-KeTOIIyTapara
(AKT') Ha mpOmOMKUTENHHOCTh XKM3HU U (DyHK-
HOHANIBHOE cTapeHue Drosophila melanogaster
muann Canton S. Ilokazano, uto 3dpdexter AKT
3aBHUCSAT OT €ro KOHIEHTPALUMHU U 1osia Myx. [lo6as-
nenue K nuuie 1-10 MM AKT' He BiusiIo Ha mpo-
JOJDKUTENBHOCTD JKU3HU caMIoB. B To ke Bpems,
AKT (20 MM) cokpaman CpeHIO0 U HE BJIHSI Ha
MaKCHUMaJIBHYIO MPOAOJIKUTEIBHOCTh KU3HU CaM-
uoB. Y caMok AKT' B koHnenTpanusax 1 u 5 MM He
BIIMSLII HA TPOOJKUTENBHOCTD XKHU3HH, a Ipu 0oJee
BbicOokHX (10 1 20 MM) — yBenmMuuBaN CPETHIO U
MaKCHUMaJIBHYI0 IPOJIOKUTEIBHOCTD KU3HU. [Ipn
KOHLIEHTPALMH, KOTOpasi yBeIMUYNBaja MPOAOJIKH-
tenbHOCTh ku3HH (10 MM), AKI' cHmXan miomo-
BUTOCTb, MOBBIIIAT YCTOHYMBOCTh K XOJOIOBOMY
CTpecCy, HO He BJIMSUI HA JIBUTaTEJIbHYIO aKTHB-
HOCTb ¥ yCTOWYUBOCTH K OKHCIUTEIBHOMY CTPECCY
y MyX 00OWX TIOJIOB CpeaHero (24 maHs) U CTaporo
(40 nmeit) Bo3pacTta. OTBITHBIE CAaMKH CpPEIHETO
BO3pacTa, HO HE caMIlbl, ObUIN Oosee CTOHKUMHU K
TEIUIOBOMY CTpPECCY U UMEJU O0Jiee BBICOKOE COzep-
xanue nporerHa HSP90, uem KOHTpoIBHBIE 0COON.
Kpowme Toro, myxu cpenHero Bo3pacta Ha cpefe ¢
AKT nmenu BeICIINE MOKA3aTEIN OKUCIUTEIBHOTO
cTpecca, comepkaHue oOLIero MpoTeMHa W TpHa-
LUJITIULIEPOIoB. Pe3ynpraTel CBUAETENBCTBYIOT O
TOM, 4YTO, CKOpEe BCEro, MOMYJSALHS BO3PACTHBIX
HN3MEHEHU OCHOBHOT'O METa00IM3Ma, HO HE CHUKe-
HUE UHTCHCUBHOCTH OKHCIIUTEJILHOIO CTpecca, Jie-
KUT B OCHOBE reponpoTekTopHoro aercteuss AKI
Ha D. melanogaster.
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KnroueBbie cnoBa: HMHAyIHpPOBaHHAs
JIBUTaTEJIbHASI aKTUBHOCTb, IJIOAOBUTOCTb, YCTOM-
YHUBOCTb K CTPECCaM, OKUCIUTENbHBIN CTPECC, UK
TPUKAPOOHOBBIX KHCIIOT.
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