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20Alpha-ketoglutarate (AKG) is involved inmultiplemetabolic and regulatory pathways. In this work, the effects of
21AKG-supplemented diets on selected physiological responses and metabolic processes, including metabolism of
22reactive oxygen species, was assessed in larvae and adult (both 2 and 24 days old) Drosophila melanogaster. Di-
23etary supplementation with AKG resulted in dose-dependent effects on larval development, body composition
24and antioxidant status of third instar larvae. Larvae and young (2 days post-eclosion) adult females fed on AKG
25shared similar metabolic changes such as higher total protein levels, lower triacylglyceride levels and higher
26values for oxidative stress indices, namely lipid peroxides and low molecular mass thiols. The latter indicated
27the development of oxidative stress which, in turn, may induce adaptive responses that can explain the higher
28resistance of AKG-fed young females to heat shock and hydrogen peroxide exposure. In contrast to young flies,
29middle-aged females (24 days) on AKG-containing diet possessed higher total protein, glucose and
30triacylglyceride levels, whereas oxidative stress parameterswere virtually the same as comparedwith control fe-
31males of the same age. In parallel, females fed an AKG-supplemented diet showed lower fecundity, higher heat
32shock resistance but no change in oxidative stress resistance at middle age which in combination with levels
33of protein, glucose, and triacylglycerides can be considered as potentially beneficial AKG effects for aging organ-
34isms. To our best knowledge, this is the first study on age-matched AKG influence on animals' organism which
35shows that Drosophila may be used as a model for previous quick study in cost-efficient manner age-related
36AKG effects in mammals and humans.
37© 2016 Elsevier Inc. All rights reserved.
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48 1. IntroductionQ5

49 Alpha-ketoglutarate (AKG) is an important cellular metabolite that
50 participates in energy production and amino acid metabolism. Oxida-
51 tive deamination of glutamate via glutamate dehydrogenase and oxida-
52 tive decarboxylation of isocitrate in the tricarboxylic acid (TCA) cycle
53 are themain endogenous sources of AKG. Recent studieswithmammals
54 have indicated that AKG used as a dietary supplement can confer favor-
55 able effects on both injured and healthy organisms (Harrison and
56 Pierzynowski, 2008; Zdzisińska et al., 2016).
57 Stimulation of protein synthesis, absorption/metabolism of amino
58 acids, prevention of protein degradation in skeletal muscle and

59maintaining bone structure are the best studied health-promoting ef-
60fects of AKG (Lambert et al., 2006; Harrison and Pierzynowski, 2008;
61Hou et al., 2010; Yao et al., 2012). These effects of AKG are mainly ex-
62plained by its role as a precursor for biosynthesis of certain amino
63acids such as glutamate, glutamine, leucine, and proline (Lambert
64et al., 2006; Wu, 2009; Zdzisińska et al., 2016). Glutamine in combina-
65tion with leucine stimulates protein synthesis via activation of the
66mammalian target of rapamycin (mTOR) signaling pathway (Durán
67et al., 2012; Yao et al., 2012). Therefore, AKGwas proposed to be a com-
68pound that could activate the mTOR pathway and anabolic processes in
69animal tissues (Hou et al., 2010; Durán et al., 2012; Yao et al., 2012). By
70contrast, Chin et al. (2014) reported that the lifespan-prolonging effects
71of AKG supplements on nematodes, Caenorhabditis elegans, were due to
72inhibition TOR kinase and promotion of a state similar to that induced
73by dietary restriction.
74Supplementation with AKG promoted higher levels of reactive oxy-
75gen species (ROS) in C. elegans (Chin et al., 2014). It seems that intensi-
76fication of the TCA cycle is responsible for enhanced ROS production,
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77 since AKG is preferentially metabolized in this pathway (Lambert et al.,
78 2006; Harrison and Pierzynowski, 2008). The increased metabolite flux
79 trough TCA cycle can result in overload of the mitochondrial electron
80 transport chain with reductive equivalents (NADH and FADH2) which
81 may lead to an increment in ROS generation. Enhanced ROS production
82 may induce low intensity (mild) oxidative stress (Lushchak, 2014) that,
83 in turn, can activate defense mechanisms and potentially provide suffi-
84 cient protection against any subsequent strong oxidative or other
85 stresses and thereby contribute to lessening functional decline of vari-
86 ous processes with age (Lushchak, 2014; Sies, 2015). In line with this,
87 supplementation with AKG was found to prevent an age-related in-
88 crease in free radical damage to biomolecules in aged mice that was ac-
89 companied by modulation of antioxidant enzyme activities (Niemiec
90 et al., 2011). Finally, one should not ignore the fact, that like all alpha-
91 keto acids, AKGpossesses antioxidant activity itself. AKG can react freely
92 with H2O2 with the formation of succinate and CO2. This nonenzymatic
93 oxidative decarboxylation has been widely studied (Fedotcheva et al.,
94 2006; Bayliak et al., 2016a) and, hence, some beneficial effects of AKG
95 can be caused by its direct antioxidant action.
96 Thus, the facts described above suggest that dietary AKG can be ad-
97 vantageous for both young and older organisms by affecting energy/or
98 proteinmetabolism and adaptive capacity. Some discrepancies revealed
99 in different animalmodels of different ages, including opposite effects of
100 AKG on TOR signaling and ROS production (Hou et al., 2010; Niemiec
101 et al., 2011; Durán et al., 2012; Yao et al., 2012; Chin et al., 2014) prompt
102 a need for deeper research on species-specific effects of AKG supple-
103 mentation and its effects depending on duration of consumption and
104 age of an organism. In the present study, we examined the effects of di-
105 etary AKG on some physiological functions and metabolic processes in
106 the fruitflyDrosophilamelanogaster, amodel for studies ofmany aspects
107 of animal nutrition (Lushchak et al., 2012; Rovenko et al., 2015; Reis,
108 2016). In particular, we examined AKG effects on D. melanogaster of dif-
109 ferent ages by analyzing variousmetabolic parameters and indicators of
110 ROS homeostasis in larvae, and young (2 day post-eclosion) and
111 middle-aged (24 day old) adult flies. The study also addressed the ques-
112 tion whether changes in metabolic profiles increased adaptive capabili-
113 ty of AKG-reared flies. In our previous work, we showed that an AKG-
114 enriched diet promoted higher cold tolerance in a dose-dependent
115 manner in young D. melanogaster Canton S flies with simultaneous en-
116 hancement of antioxidant potential and levels of cryoprotective mole-
117 cules such as proline in sex-dependent manner (Bayliak et al., 2016b).
118 Here, the resistance to starvation, heat shock and oxidative stress
119 which is known to change with fly age (Gospodaryov et al., 2013,
120 2014) was tested in young and middle-aged animals. Since AKG could
121 affect protein metabolism, the reproduction of flies which depends on
122 protein intake was evaluated in flies reared on control and AKG-
123 containing diets.

124 2. Materials and methods

125 2.1. Fly stock and rearing

126 D. melanogaster w1118 flies were used in all experiments. Stock flies
127 were kindly provided by Bloomington Stock Center (Indiana University,
128 USA). All fly cultures were kept at 25 °C, 55–60% humidity in a 12-h
129 dark/light cycle. Parental populations of flies were maintained on
130 yeast-corn-molassesmedia (Rovenko et al., 2014). Experimental fly cul-
131 tures were reared on medium containing 5% sucrose, 5% yeast, 1% agar,
132 0.18% methylparaben to inhibit mold growth, and different concentra-
133 tions of disodium salt of alpha-ketoglutarate (AKG). About 200 eggs
134 laid by parental flies within a 6 h time period were put in each 250 ml
135 glass bottle with 25 ml of the experimental medium.
136 The dynamics offly development on the different experimental diets
137 was assessed by counting the number of pupae formed once per day,
138 starting 96 h after egg deposition. The pupation at each day was

139expressed as the percentage of eggs which reached the pupa stage
140over 9 days.
141Newly eclosed flies were transferred onto fresh food of the same
142composition and held for 2 or 24 days. The food was changed every
143other day. Two-day old and 24-old day flies were separated by sexes
144and females were used for physiological tests or quickly frozen in liquid
145nitrogen for further biochemical analyses. In one series of experiments,
146third-instar larvae reared on control and experimental diets were also
147used for biochemical analyses.

1482.2. Assay of food intake

149Food intake was measured as described earlier (Lushchak et al.,
1502011). Briefly, groups of 15 third instar larvae or 10 adult flies reared
151on different experimental diets were placed for 20 min or 15 min, re-
152spectively, on the same diets which also contained 0.5% erioglaucine
153dye (FD&C Blue No. 1, Brilliant Blue FCF). After feeding, larvae and flies
154were homogenized in 50 mM potassium phosphate buffer (KPi,
155pH 7.0) at a ratio 1:100 (mg/μl) and centrifuged at room temperature
156at 13,000g for 15 min. Supernatants were removed and absorbance
157was measured at 629 nm and compared against a calibration curve
158built with different concentrations of the dye (Lushchak et al., 2011).

1592.3. Heat stress and starvation resistance assay

160To evaluate resistance to heat stress, single females were transferred
161into small glass vials with cotton stoppers and placed in water baths set
162at 39, 40 and 41 °C (Lushchak et al., 2012). Full immobility of the flywas
163referred to as heat-induced paralysis, and the time taken to reach coma
164was recorded. After 30 min heat shock at 40 °C, vials with paralyzed
165flies were placed, without further disturbance, at room temperature
166(23–25 °C), to score the time taken for full recovery of locomotion
167(Gospodaryov et al., 2014). About 10–12 females were tested in each
168of three independent replicates. Tomeasure starvation resistance, 10 fe-
169males were transferred to 24-ml glass vials containing 1.25 ml of 1%
170agar and plugged with cotton in order to prevent desiccation. Three
171vials were prepared in each of four independent replicates. Dead fly
172number was registered every 24 h and values were expressed as the
173percentage of flies that survived.

1742.4. Oxidative stress resistance assay

175Ten females were transferred into empty vials for 2 h of starvation.
176After starvation, flies were transferred into vials containing folded and
177rammed strips (2.4 × 12 cm) of 4-layer cellulose filter paper soaked
178with 0.8 ml of 5% sucrose solutions additionally containing either 5%
179H2O2 or 20 mM menadione (Gospodaryov et al., 2013). Two vials
180were tested in each of three independent replicates. Survivors were
181counted after 48 h of exposure and values were expressed as the per-
182centage of flies that survived.

1832.5. Fecundity test

184To assess fruit fly fecundity, one male and one female fly newly
185emerged on control or experimental food were then transferred in
186small vials (15 × 60 mm) with 0.7 ml of the same food (Gospodaryov
187et al., 2013). Food was changed every day. The number of eggs laid by
188individual females was determined at 24 h after fly transfer onto fresh
189food. Measurements were performed during the first 24 days of adult
190life. Eggs were counted every second day. Nine fly pairs were tested
191for each control and AKG-reared group.

1922.6. Determination of wet body mass and water content

193Twenty femaleswereweighedwith a balanceWTW2 (“Techniprot”,
194Poland) and then transferred into ventilated vials. These were held in
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