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The  protective  effects  of  dietary  alpha-ketoglutarate  (AKG)  are  described  that  aid  fruit  flies, Drosophila
melanogaster,  to resist  sodium  nitroprusside  (SNP)  and hydrogen  peroxide  toxicity.  Food  supplementation
with  10  mM  AKG  alleviated  toxic  effects  of  1 mM  SNP added  to food  and  improved  fly  development.
Dietary  AKG  also  prevented  the  increase  in  levels  of  oxidative  stress  markers  seen  in SNP-reared  adult
flies.  In  vitro  AKG  did  not  affect  the rate  of  SNP decomposition  and  did not  bind  iron  and  nitrite  ions
ruit fly
upation
urvival
ntioxidant
yanide
xidative stress

released  in  this  process.  Alpha-ketoglutarate  also  displayed  high  H2O2-scavenging  activity  in  vitro  and
efficiently  protected  adult  flies  against  this  compound  in  combined  treatments.  Based  on  the  observed
antioxidant  activity  of  AKG, it may  be  suggested  that  the  antioxidant  mode  of AKG  action  (apart  from
its  cyanide-binding  capability)  may  be used  to prevent  the toxic  effects  of SNP  and  improve  general
physiological  state  of  D. melanogaster  and  other  animals  and  humans.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Alpha-ketoglutarate (AKG) is an important intermediate in
he Krebs cycle that bridges cellular energy metabolism with
he metabolism of amino acids as well as acting as an impor-
ant nitrogen transporter in metabolic pathways (Harrison and
ierzynowski, 2008). Studies using animal models have shown that
ietary supplementation with AKG has favorable effects on energy
tatus, protein synthesis, growth, and performance (Junghans et al.,
006; Hou et al., 2011; Dobrowolski et al., 2013; Yao et al., 2012)
nd can potentially prevent the development of several systemic
iseases commonly found in the elderly (Kjellman et al., 1997;
arrison and Pierzynowski, 2008; Niemiec et al., 2011; Radzki
t al., 2012). Protective properties of AKG were also demon-

trated in hyperammonemia, hyperaminoaciduria, or exposures to
oxic nitrogen chemicals such as cyanide, ammonia, ammonium
ompounds, amines, and hydrazines (Bhattacharya et al., 2002;

Abbreviations: AKG, alpha-ketoglutarate; ETC, electron transport chain; H-SH,
igh  molecular mass thiol groups; L-SH, low molecular mass thiol groups; NOS,
O-synthase; ROS, reactive oxygen species; TCA, trichloroacetic acid; LOOH, lipid
eroxides; SNP, sodium nitroprusside.
∗ Corresponding authors.

E-mail addresses: bayliak@ukr.net (M.M.  Bayliak), lushchak@pu.if.ua
V.I. Lushchak).

ttp://dx.doi.org/10.1016/j.etap.2015.08.016
382-6689/© 2015 Elsevier B.V. All rights reserved.
Dakshayani et al., 2006; Bhattacharya et al., 2009). Furthermore,
AKG was found to be an effective oral treatment at poisoning with
cyanide or cyanogen-containing compounds (Bhattacharya et al.,
2009, Mitchell et al., 2013). Cyanide is a mitochondrial toxin that
impairs cellular respiration due to inhibition of cytochrome oxi-
dase, a terminal enzyme of mitochondrial electron transport chain
(Pettersen and Cohen, 1993). Treatment with cyanide was  found
to inhibit multiple enzymes including antioxidant ones (particu-
larly superoxide dismutase), and oxidative stress is one such event
which has been frequently associated with cyanide toxicity (Ardelt
et al., 1994; Tulsawani et al., 2005; Tulsawani and Bhattacharya,
2006; Mathangi et al., 2011). The protective effects of AKG are
considered to be due to the capability of the carbonyl groups on
AKG to interact with cyanide to yield less toxic cyanohydrin inter-
mediates (Niknahad et al., 1994, Mitchell et al., 2013). In the line
with this, the potential of AKG to prevent depletion of antiox-
idant defenses or counteract the increase in levels of oxidative
stress markers during acute or sub-chronic cyanide poisoning was
demonstrated (Tulsawani et al., 2005; Tulsawani and Bhattacharya,
2006; Bhattacharya et al., 2009; Mathangi et al., 2011). Further-
more, several studies reported that the protective effects of AKG

against various toxic agents in vitro and in vivo could be related with
its direct antioxidant action (Sokołowska et al., 1999; Murugesan
and Subramanian, 2006; Kovalenko et al., 2011; Niemiec et al.,
2011; Long and Halliwell, 2011). In view of this, an antioxidant

dx.doi.org/10.1016/j.etap.2015.08.016
http://www.sciencedirect.com/science/journal/13826689
http://www.elsevier.com/locate/etap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.etap.2015.08.016&domain=pdf
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ction of AKG could also be involved in the attenuation of toxicity
y cyanide and cyanogens.

Sodium nitroprusside (SNP), Na2[Fe(CN)5NO], is one of the best
nown cyanogens and is widely used clinically as a vasodilator for
he treatment of cardiac failure and hypertension due to its short
alf-life in solution and its ability to release nitric oxide (•NO)
Hottinger et al., 2014). However, SNP decomposition also leads
o the release of cyanide and iron moieties (Thomas et al., 2009;
hattacharya et al., 2009; Lozinsky et al., 2012). Treatment with
NP is known to result in development of nitrosative and oxida-
ive stresses in different model organisms (Lushchak and Lushchak,
008; Semchuk et al., 2011; Lozinsky et al., 2012; Park et al., 2012),
nd several mechanisms have been proposed to be involved in SNP-
nduced enhancement of the levels of reactive oxygen species (ROS)
nd reactive nitrogen species (RNS) (Lushchak and Lushchak, 2008;
ozinsky et al., 2012).

In recent years, the fruit fly Drosophila melanogaster, a popular
enetic model, has begun to be used extensively in toxicological and
utritional research. Studies with Drosophila have demonstrated
onservation of regulatory mechanisms involved in metabolic
omeostasis under different nutritional interventions or drug treat-
ents (Kaun et al., 2012; Lozinsky et al., 2012, 2013; Abolaji et al.,

014; Rovenko et al., 2014, 2015; Perkhulyn et al., 2015). We
ecently showed that food supplementation with SNP had toxic
ffects on D. melanogaster causing a developmental delay and
educing the number of adult flies eclosed (Losinsky et al., 2012).
he adverse effects of SNP were partly diminished by use of the
rotonophore, 2,4-dinitrophenol, which restored redox homeosta-
is in flies; that implicated oxidative/nitsosative stress involvement
n SNP-induced toxicity (Losinsky et al., 2013). Taking into account
he fact that AKG can act as antidote for cyanide poisoning and
xhibits antioxidant activity, the present study aimed to examine
he possible protective effects of dietary AKG against SNP-induced
oxicity in D. melanogaster at larval and adult stages. To deter-

ine whether beneficial effects of AKG could be connected with
ts antioxidant properties, the effects of AKG on the resistance
f adult flies to oxidative stress induced by hydrogen perox-
de were tested as well as the ability of AKG to scavenge H2O2
n vitro.

. Methods and materials

.1. Flies and rearing

Wild-type Canton S and mutant w1118 flies were used in exper-
ments. Stock flies were kindly provided by Bloomington Stock
enter (Indiana University, USA). All fly cultures were kept at 25 ◦C,
5–60% humidity in a 12-h dark/light cycle. Parental populations
f flies were maintained on yeast–corn–molasses media contain-
ng 7.5% (v/v) molasses, 5% (w/v) yeast, 6% cornmeal (w/v), 1%
w/v) agar, and 0.18% (w/v) methylparaben to inhibit mold growth
Rovenko et al., 2014). For experiments, flies were reared starting
rom the egg stage on a medium containing 5% sucrose, 5% yeast,
% agar, and 0.18% methylparaben and this group was  used as the
ontrol. Experimental cohorts of flies were cultivated on the same
ood but supplemented with 1 mM SNP, 10 mM  alpha-ketoglutaric
cid disodium salt (AKG) or a mixture of 1 mM SNP and 10 mM
KG (pH 5.3–5.5). About 100 eggs laid by parental flies within a
-h time period were put in each 100 ml  glass bottle with 15 ml  of
he experimental diets.

The speed of development of flies on the different experimental

iets was assessed by counting of the number of pupae formed
nce per day, starting 96 h after egg deposition. The total number
f pupae formed at day 10 was set as 100% and the pupation at each
ay was expressed as the percentage of pupae formed over this
 and Pharmacology 40 (2015) 650–659 651

time. Developmental survival was  also assessed as the percentage
of eggs that were able to reach the pupa stage.

Newly eclosed flies were transferred into flasks with the respec-
tive experimental foods and held for 2 days. Furthermore, 2-day-old
flies were mildly anesthetized with carbon dioxide gas, separated
by sexes, and then used for physiological tests or quickly frozen in
liquid nitrogen for further biochemical analysis.

2.2. Effect of test chemicals on larval behavior (pupation height
preference)

Changes in larval behavior in response to the experimental
chemical exposures were assessed as pupation height preference.
Before pupation, larvae climb up the sides of the vials, attach them-
selves and then pupate. When all larvae had pupated, the distance
from the food surface to the place of attachment of each pupa was
measured (pupation on the food surface was  scored as zero). The
pupation height was expressed in millimeters (mm) as described
previously (Lozinsky et al., 2012).

2.3. Assay of food intake

Food intake was  measured as described previously by Lushchak
et al. (2011). Briefly, groups of 15 third instar larvae reared on the
control media were placed for 20 min  on control and experimental
diets (in Petri dishes), which also contained 0.5% FD&C Blue No. 1
dye. After feeding, larvae were homogenized in 50 mM potassium
phosphate buffer (KPi, pH 7.0) at a ratio 1:100 (mg/�l) and cen-
trifuged at room temperature at 13,000 g for 15 min. Supernatant
samples were removed and absorbance was  measured at 629 nm
and compared against a calibration curve built with different con-
centrations of the dye.

2.4. Testing of resistance of adult flies to SNP and H2O2

Ten 2-day-old flies reared on the control food or the diet with
10 mM AKG were transferred into empty vials for 2 h of starvation.
After starvation, flies were transferred into vials containing folded
and rammed strips (2.4 × 12 cm)  of four-layer cellulose filter paper
soaked with 0.8 ml  of 5% sucrose solutions additionally containing
(1) 1 mM SNP, (2) a mixture of 1 mM SNP and 10 mM AKG, (3) 1 M
H2O2, (4) a mixture of 1 M H2O2 and 10 mM AKG, or (5) a mixture
of 1 M H2O2 and 1 M AKG. Survivors were counted at defined time
intervals over 72 h of exposure and values were expressed as the
percentage of flies that survived.

2.5. Assay of H2O2 scavenging activity of AKG

To assess the H2O2 scavenging activity of AKG, mixtures con-
taining 10 mM  H2O2, and different concentrations of AKG were
prepared in 50 mM KPi (pH 7.0) and incubated for 30 min  at
28 ◦C; controls omitted AKG. After incubation, the samples were
diluted 200 times and 200 �l aliquots were mixed with 1.8 ml  FOX
reagent (0.25 mM FeSO4, 25 mM H2SO4, 0.1 mM xylenol orange and
100 mM sorbitol) as previously described (Nourooz-Zadeh et al.,
1994). The reaction mixture was then incubated at room tem-
perature for 30 min. The absorbance of the ferric-xylenol orange
complex was  measured at 580 nm.  The percentage of hydrogen per-
oxide scavenged by AKG was  calculated as follows: % Scavenged
[H2O2] = [(A0 − A1)/A0] × 100, where A0 was  the absorbance of the
control and A1 was  the absorbance in the presence of AKG.
2.6. Assay of iron and nitrite levels in solutions with SNP and AKG

Water solutions of SNP are unstable and SNP decomposes
rapidly releasing nitric oxide (•NO), iron (Fe2+) and cyanide (CN−)
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oieties (Bhattacharya et al., 2009; Hottinger et al., 2014). Determi-
ation of the products of 1 mM SNP degradation was performed in
% sucrose solution (used to determine SNP toxicity in adults flies)
ithout or with addition of 10 mM AKG. The content of iron ions
as determined by reaction with 1,10-phenanthroline (Lee et al.,

948). The method is based on the formation of orange–red com-
lex by the interaction of iron ions (II) with 1,10-phenanthroline
ith absorbance of the complex measured at 510 nm. A volume

f 0.5 ml  of 1 mM SNP in 5% sucrose was mixed with 0.5 ml
f 10% hydroxylamine hydrochloride and 0.5 ml  of 0.5% 1,10-
henanthroline, and then incubated for 1 h at room temperature.
o build the calibration curve a solution of FeNH4(SO4)2•12H2O,
ontaining 5 �g of iron in 1 ml  was used.

Nitric oxide was quantified as its stable oxidized form, nitrite,
etermined by the Griess reaction (Privat et al., 1997). Aliquots of

 mM SNP solution in 5% sucrose were mixed with 1% Griess reagent
nd incubated for 15 min. The absorbance at 540 nm was measured,
nd the nitrite concentration was determined using a calibration
urve made with sodium nitrite standards in a range from 0.25 to
.0 �g. The values were expressed as micrograms NO2

− per ml  of
olution.

.7. Assay of chelating properties of AKG

The 1,10-phenanthroline method described above (Lee et al.,
948) was used to examine the iron chelating properties of AKG.
he mixture containing freshly prepared FeSO4 (150 �M) and dif-
erent concentrations of AKG was allowed to react for 5 min  at room
emperature. After that, 1,10-phenanthroline solution was added to
etermine free Fe2+, which did not react with AKG. The absorbance
as measured at 510 nm,  and EDTA was used as positive control.

he values were expressed as a percentage of the control deter-
ined in the absence of AKG.

.8. Preparation of homogenates of adult flies for metabolic
nalyses

Frozen flies were weighed and homogenized using a Potter-
lvehjem glass homogenizer in lysis buffer (50 mM KPi, pH 7.0,

 mM phenylmethylsulfonyl fluoride, 0.5 mM EDTA) in a 1:10 ratio
mg  flies:�l buffer). After centrifugation at 16,000 g for 15 min  at
◦C in an Eppendorf 5415 R centrifuge (Germany), the supernatants
ere collected and used for different assays using Spekol 211 (Carl

eiss Jena, Germany) or SF-46 (LOMO, USSR) spectrophotometers.

.9. Assays of catalase activity, nitrite and total iron levels, and
rotein concentration

Catalase activity was measured by monitoring the dismutation
f hydrogen peroxide at 240 nm using the extinction coefficient for
ydrogen peroxide of 39.4 M−1 cm−1 (Aebi, 1984). The activity of
atalase was assayed in 2 ml  of medium containing 50 mM KPi (pH
.0), 0.5 mM EDTA, 10 mM H2O2, and 3 �l of supernatant.

Total iron and nitrite levels in fly bodies were determined as
escribed above by the 1,10-phenanthroline method (Lee et al.,
948) and the Griess reaction (Privat et al., 1997), respectively.
alues were expressed as micrograms per milligram of wet  mass.

Protein concentration was determined by the Coomassie bril-
iant blue G-250 dye-binding method (Bradford, 1976) with bovine
erum albumin as a standard.
.10. Assay of oxidative stress markers

Free thiols were measured spectrophotometrically by the Ell-
an  procedure with 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) at
 and Pharmacology 40 (2015) 650–659

412 nm (Ellman, 1959). Fly homogenates were prepared, cen-
trifuged and supernatants saved, and then total low molecular mass
and high molecular mass thiol contents were measured as was
described previously (Lushchak and Bagnyukova, 2006). Briefly, the
sum of soluble low and high molecular mass thiol-containing com-
pounds was measured in the supernatants. Then, to determine the
non-protein low molecular mass thiols (L-SH), trichloroacetic acid
TCA was  added to supernatants to a final concentration of 10% fol-
lowed by centrifuging; supernatants from this step were used to
assay low molecular mass thiols. High molecular mass thiol (H-SH)
content was  calculated by subtraction. Thiol concentrations were
expressed as micromoles of SH-groups per gram wet mass.

Lipid peroxide (LOOH) content was  assayed with xylenol orange
(Hermes-Lima et al., 1995) with minor modifications (Lushchak
et al., 2005). For this, flies were homogenized 1:20 w:v  in 96%
cold (∼5 ◦C) ethanol, centrifuged for 5 min  at 13,000 g, and super-
natants were used for assay. The content of LOOH was expressed
as micromoles of cumene hydroperoxide equivalents per gram of
wet mass.

2.11. Statistical analysis

Experimental data are expressed as the mean value of four—six
independent experiments ± the standard error of the mean (SEM).
Statistical analysis was  performed using a two-tailed Student’s t-
test or analysis of variance (ANOVA) followed by the two-tailed
Dunnett’s test or Student–Newman–Keuls (SNK) test. Experimental
data were calculated using the Microsoft Excel computer program
(Microsoft Corporation, Redmond, WA,  USA).

3. Results and discussion

3.1. Dietary AKG reduces developmental toxicity of SNP on D.
melanogaster without influence on food intake

Recently we found that SNP had deleterious effects on D.
melanogaster development and that tolerance to this toxicant
depended on the concentrations used and fly strain specificity
(Lozinsky et al., 2012, 2013). Given these findings, we  became inter-
ested in the protective ability of dietary AKG against SNP-induced
larval toxicity and the present study evaluates this in two  strains of
D. melanogaster, Canton S, and its derivative strain w1118. The con-
centration of SNP used in this study was one that effectively reduced
the pupation rate of the two  strains, as reported earlier (Lozinsky
et al., 2012). Fig. 1 shows the effect on development, assessed by
pupation speed, when fruit fly larvae were raised on media supple-
mented with 1 mM SNP alone, 10 mM AKG alone, or SNP + AKG, as
compared with controls. In both Canton S and w1118, strains con-
sumption of food containing SNP-delayed pupation (Fig. 1A, B) and
reduced the total number of pupae formed (Fig. 1C). A delay in
the transition from larva to pupae for larvae fed SNP was  seen in
both strains but was  more pronounced in the w1118 strain (Fig. 1B)
with the median time to pupation for larvae raised on diets with
1 mM SNP being 13 and 32% higher in Canton S and w1118 strains,
respectively, compared to controls (Fig. 1D). The total percentage
of larvae that pupated did not significantly differ between the con-
trol cultures of the two  strains (96 ± 3% in Canton S versus 87 ± 4%
in w1118) and decreased in both strains on food supplemented with
1 mM SNP (Fig. 1C). The reduction in total yield of pupae from SNP-
fed larvae was similar in both strains and was  a decrease to about
50% of control values confirming developmental toxicity of SNP

in flies, as previously reported (Lozinsky et al., 2012). Flies reared
on food supplemented with a mixture of 1 mM SNP and 10 mM
AKG displayed only about a 25% reduction in developmental mor-
tality compared with controls, a significantly reduced mortality
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Fig. 1. Development pattern of D. melanogaster flies reared on yeast-sucrose medium or on diets supplemented with 10 mM AKG, 1 mM SNP, or both SNP + AKG. Graphs
show  percentage of larvae that pupated over time in Canton S (A) and w1118 (B) strains, percentage of eggs pupated (C), median time of fly development to pupation (D), and
p y diffe
d

c
i
7
v
A
S
w
s

upation height in the w1118 strain (E). Data are means ± SEM, n = 4–6. *Significantl
etermined by ANOVA and the post hoc Student–Newman–Keuls test.

ompared with larvae reared on food containing SNP alone. Accord-
ngly, combined food supplementation with SNP and AKG allowed
0% eggs to make the transition through the larval stage into pupae
ersus just 45% of those which developed on SNP only. However,

KG did not alter the pupation delay seen for SNP-exposed Canton

 larvae, but decreased the median time to pupation by 11% for the
1118 strain on the medium with SNP (Fig. 1 D). In addition, AKG

upplementation had a positive impact on pupation height, one of
rent from the corresponding control group or #from the SNP-fed group, P < 0.05 as

the widely used parameters to determine toxicity of various chem-
icals in flies reared on solid food (Lozinsky et al., 2012). Flies reared
on SNP diet showed a decrease in pupation height by 35% as com-
pared with control values but the presence of AKG restored this

parameter to initial values of control flies (Fig. 1 D). Measurements
of food intake showed that AKG did not affect consumption of food
by larvae (Table 1), but larvae consumed about one-third less food
when raised on a diet containing 1 mM SNP or a mixture of 1 mM



654 M.M. Bayliak et al. / Environmental Toxicology and Pharmacology 40 (2015) 650–659

Table  1
Food consumption by larvae and body mass of 2-day-old D. melanogaster and reared on control food or on food supplemented with SNP, AKG, or mixture of SNP and AKG.

Conditions Food consumption by Canton S larvae, �g/20 min/larva Body mass, �g

Canton S w1118

Males Females Males Females

Control 36 ± 7 795 ± 26 1361 ± 66 753 ± 24 1244 ± 33
10  mM AKG 40 ± 7 793 ± 13 1352 ± 51 726 ± 15 1235 ± 61
1  mM SNP 24 ± 2* 778 ± 16 1090 ± 29* 809 ± 10 1186 ± 31
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be not enough to provide a protective effect against SNP. Regard-
less of culturing conditions, females were more resistant to SNP
than males. These results were not surprising, because female flies

Fig. 2. Survival of 2-day-old D. melanogaster w1118 male (A) and female (B) flies over
the subsequent 3 days after transfer to adult diets containing 10 mM SNP. Conditions
were: control—eggs raised on control diet and exposed to SNP in adult food; AKG-
1  mM SNP + 10 mM AKG 22 ± 2* 

ata are presented as means ± SEM, n = 5–8. *Significantly different from control gr

NP and 10 mM AKG. A lower feeding rate on diets containing SNP
ight be considered as an adaptive mechanism of larvae to these

tressful conditions. It is established that if there are toxic com-
ounds in food that require energy for detoxification that larvae can
aximize their energy intake by slowing their feeding rates and at

he same time increase efficiency of food use (Mueller and Barter,
015). The body masses of 2-day-old Canton S and w1118 males as
ell as w1118 females developed on SNP diets did not differ from

hose of corresponding controls, but SNP-fed Canton S females had
5% lower body masses compared with control females, as did those
aise on SNP + AKG (Table 1). Food supplementation with AKG alone
id not affect fly body mass in any group. The lower body masses
f flies reared on food supplemented with SNP or SNP with AKG
ight result from insufficient accumulation of fuel reserves during

he larval stage likely due to decreased food consumption.
In general, the results demonstrate that exogenous AKG

an partly alleviate toxic effects of SNP on development of D.
elanogaster increasing both pupation rate and the total number

f pupae formed. Since the addition of AKG to diet containing SNP
id not enhance food consumption by larvae, this may  suggest that
KG does not directly detoxify SNP in the medium.

.2. Dietary AKG enhances survival of adult flies upon SNP
xposure

The experiments above established that AKG reduced larval
ortality for two strains of D. melanogaster raised on medium sup-

lemented with SNP. Next we addressed the question of whether
xogenous AKG was able to protect adult flies against SNP toxicity.
enerally, fly resistance to different chemicals is assessed by mon-

toring the survival of flies for 1–3 days upon treatment with lethal
oncentrations of stressors (Schriner et al., 2012). In our case, the
se of 1 mM SNP, which showed lethal effects at the larval stage,
ad no lethality for adult flies for 5 days (not shown). Therefore,
e tested the effects of other SNP concentrations (5 and 10 mM)

n viability of adult flies; as a result a concentration of 10 mM was
hosen for further study since that caused significant mortality of
ies after 3 days of incubation. To check the antidote activity of
KG against SNP-, we took 2-day-old w1118 flies (raised on con-

rol diet or AKG supplemented diet) and transferred them to vials
ontaining filter paper saturated with 10 mM SNP or a mixture of
0 mM SNP and 10 mM AKG in 5% sucrose solution. To exclude
ffects of sucrose on fly viability, the control group consisted of
ies kept on 5% sucrose throughout the 5 day course; all flies in
his group remained alive over the 5 days of treatment (data not
hown). Hence, four fly groups were tested (Fig. 2): flies reared on
ontrol food and then transferred to vials containing 10 mM SNP
“Control”), or a mixture of 10 mM SNP and 10 mM AKG (“AKG-
ncubation”) in 5% sucrose solution; flies reared on AKG-containing
iet and then transferred to vials containing 10 mM SNP (AKG-

earing), or a mixture of 10 mM SNP and 10 mM AKG (“AKG-rearing
nd incubation”) in 5% sucrose. Survival of control flies significantly
ecreased with time when held on medium containing 10 mM
NP, and males (Fig. 2A) were more sensitive to SNP than females
764 ± 80 1070 ± 40* 771 ± 49 1117 ± 46

ith P < 0.05 using ANOVA and the post hoc Dunnett’s test for multiple comparisons.

(Fig. 2B). The percentage of flies alive after 24, 48, and 72 h of expo-
sure was 71, 61, and 53% in the case of control males and 93, 83,
and 77% for control females, respectively. Surprisingly, flies that
were reared as larvae on AKG showed higher susceptibility to SNP
compared to the control counterparts, and only 37% of males and
59% of AKG-reared females survived the 72 h of exposure to 10 mM
SNP. Combined exposure of control flies to both SNP and AKG did
not significantly influence their survival, but increased viability of
AKG-reared flies to control levels. It seems that AKG has less of
a protective effect on adult flies exposed to SNP than was seen
in the larval stage. At the same time, the concentration of SNP
used for exposure of adult flies was 10-fold higher than for lar-
vae, while the concentration of AKG was the same (10 mM). Thus,
in the case of adult flies, the concentration of AKG could simply
rearing—eggs reared on diet containing 10 mM AKG and exposed as adults to SNP
in  food; AKG-incubation—eggs raised on control diet and exposed to AKG and SNP
in  adult food; AKG-rearing and incubation—eggs reared on diet containing 10 mM
AKG and exposed as adults to SNP + AKG in adult food. Data are means ± SEM, n = 5.
*Significantly different from control group with P < 0.05 using Student’s t-test.
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decomposition could be responsible for disruption of larval devel-
opment (Lozinsky et al., 2012, 2013). In particular, after •NO release,
the iron moiety of SNP may  provide free iron coordination sites for
H2O2 and their interaction could trigger the generation of highly
ig. 3. Concentrations of nitrite (NO2 ) (A) and total iron ions (B) in 1 mM SNP so
0  mM AKG. Data are means ± SEM, n = 4. *Significantly different from values at 2 h 

volutionarily developed higher resistance to various stresses,
ince they are responsible for generation of healthy offspring
Gospodaryov et al., 2013).

Earlier it was found that SNP had more toxic effects on cells
nd tissues with higher metabolic activity or with active func-
ioning mitochondria (Pettersen and Cohen, 1993; Tulsawani and
hattacharya, 2006; Bhattacharya et al., 2009). On other hand,
ietary AKG was shown to be quickly metabolized after admin-

stration leading to intensification of metabolic processes in the
ody of experimental animals (Junghans et al., 2006; Hou et al.,
011; Dobrowolski et al., 2013; Yao et al., 2012). In particu-

ar, exogenous AKG can be incorporated into the Krebs cycle
here it is oxidatively decarboxylated to succinyl-CoA yielding
ADH, which, in turn, is used in mitochondrial electron trans-
ort chain (ETC) to produce ATP. Therefore, it can be supposed
hat flies developed on the medium with AKG might have higher
ntensity of metabolism, in particular, energetic processes (Hou
t al., 2011). Stimulation of energy-producing processes clearly
hould be related to active function of mitochondria. The latter
an increase the steady-state level of ROS as by-products of mito-
hondrial respiratory metabolism (Lushchak, 2014). In turn, an
ncrement in ROS levels can trigger signaling pathways involved
n induction of antioxidant defense. The mechanisms of SNP toxi-
ity include an inhibition of antioxidant enzymes and cytochrome
xidase, which is the terminal enzyme of the mitochondrial ETC
Pettersen and Cohen, 1993; Bhattacharya et al., 2009). Therefore it
an be supposed that SNP can block the ETC in active mitochon-
ria in parallel with a marked inhibition of antioxidant defense

n AKG-reared flies. As a result, a significant increase in ROS pro-
uction could occur placing AKG-reared flies under more severe
xidative stress than their control counterparts (Lushchak, 2014).
n this case, AKG incorporation in fly metabolism may  enhance
NP toxicity. This assumption may  explain, at least partly, the
igher sensitivity of AKG-reared flies to SNP in our experiment.

t also seems that exogenous AKG displays protective effects only
hen simultaneously administered with SNP, since pretreatment
ith AKG did not prevent toxic effects of SNP due to fast AKG
etabolism.

.3. Alpha-ketoglutarate does not influence level of nitrite and
ron ions in SNP solution
Sodium nitroprusside is a very unstable compound in water
olutions and it quickly decomposes to release end products such as
itric oxide, iron, and cyanide moieties; all of these compounds are
 in 5% sucrose after incubation at 25 C for 2 or 24 h in the presence or absence of
ubation with P < 0.05 using Student’s t-test.

supposed to be responsible for SNP toxic effects (Bhattacharya et al.,
2009; Lozinsky et al., 2012; Hottinger et al., 2014). In Drosophila
studies, supplementation of medium with SNP increased total iron
content and the level of nitrite ions (as the stable oxidized form of
•NO) in the culture medium as well as in the body of D. melanogaster
larvae (Lozinsky et al., 2012). Under physiological conditions, nitric
oxide is produced by NO-synthase (NOS) and plays an important
role in coordination of metabolism, growth, and fly development
(Cáceres et al., 2011), whereas at higher concentrations, •NO might
directly inactivate NOS (Canteros et al., 1996). Therefore, it was
suggested that •NO released at high-SNP concentrations inactiv-
ated NOS and altered developmental timing (Lozinsky et al., 2012).
In addition, induction of oxidative/nitrosative stress due to SNP
Fig. 4. Iron-chelating properties of AKG: 150 �M FeSO4 and different concentrations
of  AKG or EDTA were allowed to interact for 15 min  at room temperature. Then
1,10-phenanthroline solution was used to determine free Fe2+. Spectrophotometric
absorbance of the complex between free Fe2+ and 1,10-phenantroline in the absence
of  AKG was  set to 100%. Data are means ± SEM, n = 5.
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Table  2
Selected characteristics of ROS homeostasis in 2-day-old Canton S females reared on control food or on diets supplemented with SNP or a mixture of SNP and AKG.

Conditions Catalase, U/mg protein L-SH, �mol/g wet  mass H-SH, �mol/g wet  mass LOOH, �mol/g wet mass

Control 225 ± 21 0.84 ± 0.10 4.12 ± 0.51 4.73 ± 0.66
1  mM SNP 97 ± 12* 0.86 ± 0.06 4.0 ± 0.32 7.19 ± 0.77*

1 mM SNP + 10 mM AKG 142 ± 14* 0.75 ± 0.08 4.12 ± 0.21 3.14 ± 0.93
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an inducer of oxidative stress. Flies reared on control and AKG-
supplemented food were transferred into vials containing filter
paper saturated with 1 M H2O2 in the presence or absence of AKG
at different concentrations. All chemicals were dissolved in 5%

Table 3
Total iron and nitrite levels in the bodies of 2-day-old D. melanogaster Canton S flies
reared on control food or on diets supplemented with SNP or a mixture of SNP and
AKG.

Conditions Total iron content,
�g/mg wet  mass

Nitrite level,
�g/mg wet mass
ata are presented as the means ± SEM, n = 6–7. *Significantly different from control 

eactive ROS, such as hydroxyl radicals (HO•) via the Fenton reac-
ion (Hospodar’ov and Lushchak, 2004; Bagnyukova et al., 2006). In
greement with this, it was recently found that the protonophore
.4-dinitrophenol could partly abolish the toxic effects of SNP via
estoration of redox homestasis in flies (Lozinsky et al., 2013). Tak-
ng these facts into account, we further investigated whether the
rotective effect of AKG against SNP treatment in D. melanogaster
ould be connected with modulation of SNP decomposition. For
his, we measured levels of total iron and nitrite ions by incuba-
ion of 1 mM SNP in 5% sucrose in the presence or absence of AKG.

hen nitric oxide (•NO) is exposed to an oxygen-rich aqueous envi-
onment, it is quickly oxidized to nitrite and/or nitrate anions. An
ssay using the Griess reaction was designed to detect nitrite, and
hereby give an indirect assay for •NO production (Privat et al.,
997). In this system, total iron and nitrite levels in the medium
ose in a time-dependent manner (Fig. 3) suggesting SNP decom-
osition. Interestingly, addition of AKG to the SNP solution did not
ffect the levels of total iron and nitrite ions. AKG was  previously
eported to manifest iron chelating properties (Puntel et al., 2005).
owever, we did not detect chelating ability of AKG toward free

ron (II) by testing a broad range of AKG concentrations, in con-
rast to the effects of EDTA, a well-known iron-chelating compound
Fig. 4). Thus, it appears that AKG cannot slow SNP decomposition
nd is unable to bind free iron. On the other hand, AKG can interact
irectly with cyanide ions, another toxic product of SNP decompo-
ition, to yield less toxic cyanohydrin intermediates that are easily
etabolized (Niknahad et al., 1994, Mitchell et al., 2013). Obviously,

he cyanohydrin-forming pathway might be involved in the AKG-
rotective action on D. melanogaster larvae against SNP-induced
oxicity. In addition, SNP is more stable in solid food, but it may  be
ecomposed quickly in the digestive tract of flies. Therefore, AKG
ay  act as antidote for SNP toxicity in the fly bodies.

.4. Alpha-ketoglutarate prevents oxidative damages in
NP-reared flies

As it was mentioned above, oxidative stress development can
e responsible, at least partly, for toxic SNP effects. Several mech-
nisms may  be implicated in SNP induction of oxidative stress,
ncluding inhibition of cytochrome oxidase by cyanide leading to
ncreased ROS production by the mitochondrial electron transport
hain (Pettersen and Cohen, 1993; Ardelt et al., 1994; Tulsawani
nd Bhattacharya, 2006; Mathangi et al., 2011). Iron cation and
NO released from SNP are also well-known inducers of oxida-
ive stress in many organisms (Hospodar’ov and Lushchak, 2004;
agnyukova et al., 2006; Lushchak and Lushchak, 2008; Semchuk
t al., 2011; Lozinsky et al., 2012). In several studies, the ability of
KG to diminish the intensity of oxidative stress induced by cyanide
as demonstrated and this was attributed to the cyanine-binding

ctivity of AKG (Tulsawani et al., 2005; Bhattacharya et al., 2009;
athangi et al., 2011). At the same time, antioxidant properties of

KG both in vivo and in vitro were reported, and in particular, AKG

as found to be involved in the prevention of lipid peroxidation

n rats under chronic ethanol administration (Velvizhi et al., 2002),
odium valproate treatment (Murugesan and Subramanian, 2006),
2O2-induced hemolysis of human erythrocytes (Sokołowska et al.,
 with P < 0.01 using ANOVA and the post hoc Dunnett’s test for multiple comparisons.

1999), or ischemia of the hippocampus (Kovalenko et al., 2011).
Based on this, the protective effects of AKG observed here may
also be associated with AKG-mediated antioxidant activity, and
not only with its well-known cyanide-binding activity. To test this
idea that AKG can slow down or quench oxidative stress in SNP-
treated flies, we first measured the activity of catalase and levels
of oxidative stress markers in 2-day-old females (Table 2), which
emerged from pupae raised on a diet with 1 mM SNP or with a
mixture of 1 mM SNP and 10 mM AKG (see Fig. 1C). Catalase activ-
ity was 57% lower in flies fed with SNP alone, but only 37% lower
when food contained the mixture of SNP and AKG, as compared to
controls. The decrease in catalase activity can be due to an inac-
tivation of the enzyme as a result of oxidative modification, as
previously demonstrated (Bayliak et al., 2006; Semchyshyn and
Lozinska, 2012). However, the presence of AKG in food apparently
relieved some of this stress, allowing a higher catalase activity to
be sustained. Diet composition did not affect the levels of high and
low molecular mass thiols in adult females but females reared on
SNP showed 1.5-fold higher levels of lipid peroxides (LOOH) than
controls, an effect that was abolished when AKG was also present
in the diet (Table 2). In addition, nitrite and total iron levels in flies
from all experimental groups did not differ (Table 3) in contrast to
previous results which demonstrated an increase in these parame-
ters in D. melanogaster larvae reared on SNP (Lozinsky et al., 2012).
It can be postulated that flies reared on SNP-supplemented food
starting from the egg stage may  have induced effective mechanisms
to metabolize and excrete products of SNP decomposition, thereby
minimizing its toxic effects and enhancing survival even they were
not fully protected against oxidative damage. Thus, the combined
administration of AKG and SNP partially prevented antioxidant
enzyme inactivation and oxidative damage of lipids, which agrees
with previous studies (Tulsawani et al., 2005; Bhattacharya et al.,
2009; Mathangi et al., 2011).

3.5. Alpha-ketoglutarate increases resistance of adult flies to
hydrogen peroxide

To check whether protective effects of AKG under oxidative
stress could be associated with its antioxidant activity, we  tested
the effect of exogenous AKG on survival of adult Canton S flies
exposed to hydrogen peroxide. The latter is commonly used as
Control 0.391 ± 0.046 0.110 ± 0.013
1  mM SNP 0.367 ± 0.041 0.104 ± 0.006
1  mM SNP + 10 mM AKG 0.342 ± 0.052 0.123 ± 0.019

Data are presented as the means ± SEM, n = 4.
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Fig. 5. Effect of hydrogen peroxide treatment on the survival of adult D. melanogaster Canton S flies. In addition, 2-day-old flies reared on the diet in the absence (control)
or  presence of 10 mM AKG were divided into three groups which were first starved for 2 h, and then were transferred into new vials containing a filter paper saturated with
0 H2O2
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.8  ml of 5% sucrose solution containing either 1 M H2O2 alone, the mixture of 1 M 

eans  ± SEM of four independent experiments with 20 flies per sex.

ucrose. The control and AKG-reared flies showed similar sensi-
ivity to 1 M H2O2 present in the food (Fig. 5). As in the case of
NP treatment, concomitant administration of hydrogen peroxide
ecreased fly viability over time, although females showed a higher
urvival for the first 42 h of treatment compared with males. The
ercentage of flies that survived on H2O2-treated diets for 42 h was
2.5 and 72% in the case of control and AKG-fed males, respec-
ively, versus 92.5 and 97.5% of control and AKG-fed females (Fig. 5).
he addition of AKG to the incubation medium alleviated the toxic
ffects of H2O2 in a concentration dependent manner. While 10 mM
KG only partly restored fly survival on medium containing 1 M
2O2, AKG at a concentration of 1 M almost completely neutralized

he negative effects of 1 M H2O2 on fly viability. Upon combined
reatment with 1 M H2O2 and 1 M AKG, 90–100% of flies remained
live after 72 h of incubation in contrast to 5–13% survival when
edium contained with 1 M H2O2 alone or 35–43% survival in
he presence of a mixture of 1 M H2O2 and 10 mM AKG. Several
eports have debated the ability of AKG to directly scavenge hydro-
en peroxide (Sokołowska et al., 1999; Long and Halliwell, 2011).
he beneficial effects of AKG attributed to its antioxidant properties
and 10 mM AKG, or the mixture 1 M H2O2 and 1 M AKG. Data are presented as the

have been previously demonstrated with other model systems both
in vivo and in vitro. It was proposed that at least part of the effect of
AKG may  be due to a nonenzymatic interaction of AKG with H2O2 to
form succinate, water, and carbon dioxide (Sokołowska et al., 1999).
To verify it, we studied the ability of AKG to scavenge H2O2 in vitro.
For this experiment, 10 mM H2O2 was  incubated with AKG at dif-
ferent concentrations for 30 min  at room temperature and then the
levels of AKG and H2O2 were measured in the solution. The concen-
tration of H2O2 significantly decreased over incubation time with
increasing concentrations of AKG, and H2O2 was  practically absent
in solutions incubated with 10 mM AKG for 30 min (Fig. 6). This sug-
gests that AKG can efficiently scavenge H2O2 in vitro. Analyzing the
regression equation, we  concluded that AKG interacts with H2O2
stoichiometrically in a molar ratio of 1:1. This can explain the pro-
nounced protective effect of 1 M AKG (versus 10 mM AKG) against
1 M H2O2 (Fig. 5). The protective effect of AKG against hydrogen

peroxide toxicity could be based on the chemical interaction in the
medium. In addition, this indicates that the antioxidant mode of
action of AKG action could also be involved in diminishing the toxic
effects of SNP on D. melanogaster flies.
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Fig. 6. Н O scavenging activity of AKG in vitro. Different AKG concentrations were
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ncubated with 10 mM Н2O2 for 30 min  and then Н2O2 levels were measured by
he FOX method. Data are means ± SEM, n = 5.

. Conclusions

The present study demonstrates that supplementation of food
ith alpha-ketoglutarate partly alleviates the toxic effects of high

oncentrations of SNP on D. melanogaster development, allowing
ncreased numbers of pupae to form and increased pupation rate. In
ontrast, adult males and females reared on AKG and then exposed
o SNP were more sensitive to SNP compared with control flies.
his suggests that the AKG consumed may  be quickly metabo-
ized and can act as antidote only by combined treatment with
NP. In vitro AKG did not affect the rate of SNP decomposition and
id not bind iron and nitrite ions released in this process. Exoge-
ous AKG effectively protected adult flies against H2O2 in combined
reatments; this can be explained by its good H2O2-scavenging
ctivity, which was clearly demonstrated in vitro. Dietary AKG
lso prevented an increase in the levels of oxidative stress mark-
rs in SNP-reared adult flies. Thus, it can be concluded that the
rotective action of AKG against SNP toxicity is realized through
oth cyanide-binding and antioxidant activities. Our results sup-
ort the promising utilization of AKG as an antidote against cyanide
nd cyanide-containing compounds that cause serious problems
s industrial pollutants in modern society. In turn, the fruit fly D.
elanogaster is a useful model for in vivo studies of the adverse

ffects of different toxicants and to analyze potential protective
ntidotes. Particularly given that cyanide can cause deleterious
hanges in the nervous system (Mathangi et al., 2011), using anti-
otes like AKG and Drosophila as a model may  give insights into
hich neurobehavioral and biochemical changes appear with age

r with long-term poisoning and determine the efficiency of AKG
n prevention of these perturbations.

ransparency document

The Transparency document associated with this article can be
ound in the online version.
cknowledgments

We thank students O. Kozachok and Z. Kryshchuk for technical
ssistance. The research received partial support from a discovery
 and Pharmacology 40 (2015) 650–659

grant from the Natural Sciences and Engineering Research Council
of Canada to KBS.

References

Abolaji, A.O., Kamdem, J.P., Lugokenski, T.H., Nascimento, T.K., Waczuk, E.P., Farombi,
E.O., Loreto, É.L., Rocha, J.B., 2014. Involvement of oxidative stress in 4-
vinylcyclohexene-induced toxicity in Drosophila melanogaster. Free Radic. Biol.
Med. 71, 99–108.

Aebi, H., 1984. Catalase in vitro. Meth. Enzymol. 105, 121–126.
Ardelt, B.K., Borowitz, J.L., Maduh, E.U., Swain, S.L., Isom, G.E., 1994. Cyanide induced

lipid peroxidation in different organs: subcellular distribution and hydroperox-
ide generation in neuronal cells. Toxicology 89, 127–137.

Bagnyukova, T.V., Chahrak, O.I., Lushchak, V.I., 2006. Coordinated response of
goldfish antioxidant defenses to environmental stress. Aquat. Toxicol. 78 (4),
325–331.

Bayliak, M., Semchyshyn, H., Lushchak, V., 2006. Effect of hydrogen peroxide on
antioxidant enzyme activities in Saccharomyces cerevisiae is strain-specific.
Biochemistry (Mosc) 71, 1013–1020.

Bhattacharya, R., Rao, P.V.L., Vijayaraghavan, R., 2002. In vitro and in vivo attenuation
of  experimental cyanide poisoning by alpha-ketoglutarate. Toxicol. Lett. 128,
185–195.

Bhattacharya, R., Satpute, R.M., Hariharakrishnan, J., Tripathi, H., Saxena, P.B., 2009.
Acute toxicity of some synthetic cyanogens in rats and their response to oral
treatment with alpha-ketoglutarate. Food Chem. Toxicol. 47, 2314–2320.

Bradford, M.,  1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein using the principle of protein-dye binding. Anal. Biochem.
72,  248–254.

Cáceres, L., Necakov, A.S., Schwartz, C., Kimber, S., Roberts, I.J., Krause, H.M., 2011.
Nitric oxide coordinates metabolism, growth, and development via the nuclear
receptor E75. Genes Dev. 25 (14), 1476–1485.

Canteros, G., Rettori, V., Genaro, A., Suburo, A., Gimeno, M.,  McCann, S., 1996. Nitric
oxide synthase content of hypothalamic explants: increase by norepinephrine
and inactivated by NO and cGMP. Proc. Natl. Acad. Sci. USA  93 (9), 4246–4250.

Dakshayani, K.B., Subramanian, P., Manivasagam, T., Mohamed Essa, M.,  2006.
Metabolic normalization of alpha-ketoglutarate against N-nitrosodiethylamine-
induced hepatocarcinogenesis in rats. Fundam. Clin. Pharmacol. 20 (5), 477–480.

Dobrowolski, P., Tomaszewska, E., Bienko, M.,  Radzki, R.P., Pierzynowski, S.G., 2013.
The effect of dietary administration of 2-oxoglutaric acid on the cartilage and
bone of growing rats. Br. J. Nutr. 110 (4), 651–658.

Ellman, G.L., 1959. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70–77.
Gospodaryov, D.V., Yurkevych, I.S., Lushchak, O.V., Lushchak, V.I., 2013. Correction:

lifespan extension and delay of age-related functional decline caused by Rhodiola
rosea depends on dietary macronutrient balance. Longev. Healthspan 2 (1), 12,
http://dx.doi.org/10.1186/2046-2395-2-12.

Harrison, A.P., Pierzynowski, S.G., 2008. Biological effects of 2-oxoglutarate with
particular emphasis on the regulation of protein, mineral and lipid absorp-
tion/metabolism, muscle performance, kidney function, bone formation and
cancerogenesis, all viewed from a healthy ageing perspective state of the art-
review article. J. Physiol. Pharmacol. 59, 91–106.

Hermes-Lima, M.,  Willmore, W.G., Storey, K.B., 1995. Quantification of lipid perox-
idation in tissues based on the Fe(III)xylenol orange complex formation. Free
Radic. Biol. Med. 19, 271–280.

Hospodar’ov, D.V., Lushchak, V.I., 2004. Effect of iron ions on the antioxidant
enzyme activities in yeast Saccharomyces cerevisiae. Ukr. Biokhim. Zh. 76 (6),
100–105.

Hottinger, D.G., Beebe, D.S., Kozhimannil, T., Prielipp, R.C., Belani, K.G., 2014. Sodium
nitroprusside in 2014: a clinical concepts review. J. Anaesthesiol. Clin. Pharma-
col. 30 (4), 462–471.

Hou, Y., Yao, K., Wang, L., Ding, B., Fu, D., Liu, Y., Zhu, H., Liu, J., Li, Y., Kang, P., Yin,
Y.,  Wu,  G., 2011. Effects of �-ketoglutarate on energy status in the intestinal
mucosa of weaned piglets chronically challenged with lipopolysaccharide. Br. J.
Nutr. 106 (3), 357–363.

Junghans, P., Derno, M.,  Pierzynowski, S., Hennig, U., Eberhard Rudolph, P., Souffrant,
W.B., 2006. Intraduodenal infusion of alpha-ketoglutarate decreases whole body
energy expenditure in growing pigs. Clin. Nutr. 25 (3), 489–496.

Kaun, K.R., Devineni, A.V., Heberlein, U., 2012. Drosophila melanogaster as a model
to  study drug addiction. Hum. Genet. 131, 959–975.

Kjellman, V., Bjork, K., Ekroth, R., 1997. Addition of alpha-ketoglutarate to blood
cardioplegia improves cardioprotection. Ann. Thorac. Surg. 63, 1625–1634.

Kovalenko, T.N., Ushakova, G.A., Osadchenko, I., Skibo, G.G., Pierzynowski, S.G., 2011.
The neuroprotective effect of 2-oxoglutarate in the experimental ischemia of
hippocampus. J. Physiol. Pharmacol. 62, 239–246.

Lee, T.S., Kolthoff, I.M., Leussing, D.L., 1948. Reaction of ferrous and ferric iron with
1,10-phenanthroline, I. Dissociation constants of ferrous and ferric phenanthro-
line. J. Am.  Chem. Soc. 70 (7), 2348–2352.

Long, L.H., Halliwell, B., 2011. Artefacts in cell culture: �-ketoglutarate can scavenge
hydrogen peroxide generated by ascorbate and epigallocatechin gallate in cell
culture media. Biochem. Biophys. Res. Commun. 406 (1), 20–24.

Lozinsky, O.V., Lushchak, O.V., Storey, J.M., Storey, K.B., Lushchak, V.I., 2012. Sodium

nitroprusside toxicity in Drosophila melanogaster: delayed pupation, reduced
adult emergence, and induced oxidative/nitrosative stress in eclosed flies. Arch.
Insect Biochem. Physiol. 80 (3), 166–185.

Lozinsky, O.V., Lushchak, O.V., Storey, J.M., Storey, K.B., Lushchak, V.I.,
2013. The mitochondrial uncoupler 2,4-dinitrophenol attenuates sodium

http://dx.doi.org/10.1016/j.etap.2015.08.016
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0005
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0010
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0015
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0020
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0025
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0030
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0035
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0040
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0045
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0050
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0055
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0060
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0065
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
dx.doi.org/10.1186/2046-2395-2-12
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0075
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0080
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0085
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0090
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0095
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0100
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0105
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0110
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0115
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0120
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0125
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0130
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135


cology

L

L

L

L

L

M

M

M

M

N

N

N

P

P

Effects of �-ketoglutarate on lipid peroxidation and antioxidant status during
M.M. Bayliak et al. / Environmental Toxi

nitroprusside-induced toxicity in Drosophila melanogaster: potential involve-
ment of free radicals. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 158 (4),
244–252.

ushchak, O.V., Lushchak, V.I., 2008. Sodium nitroprusside induces mild oxidative
stress in Saccharomyces cerevisiae. Redox Rep. 13 (4), 144–152.

ushchak, O.V., Rovenko, B.M., Gospodaryov, D.V., Lushchak, V.I., 2011. Drosophila
melanogaster larvae fed by glucose and fructose demonstrate difference in oxida-
tive stress markers and antioxidant enzymes of adult flies. Comp. Biochem.
Physiol. A Mol. Integr. Physiol. 160 (1), 27–34.

ushchak, V.I., 2014. Free radicals, reactive oxygen species, oxidative stress and its
classification. Chem. Biol. Interact. 224, 164–175.

ushchak, V.I., Bagnyukova, T.V., 2006. Temperature increase results in oxidative
stress in goldfish tissues: 1, Indices of oxidative stress. Comp. Biochem. Physiol.
Pt.  C 143, 30–35.

ushchak, V.I., Bagnyukova, T.V., Husak, V.V., Luzhna, L.I., Lushchak, O.V., Storey, K.B.,
2005. Hyperoxia results in transient oxidative stress and an adaptive response by
antioxidant enzymes in goldfish tissues. Int. J. Biochem. Cell Biol. 37, 1670–1680.

athangi, D.C., Shyamala, R., Vijayashree, R., Rao, K.R., Ruckmani, A., Vijayaragha-
van,  R., Bhattacharya, R., 2011. Effect of alpha-ketoglutarate on neurobehavioral,
neurochemical and oxidative changes caused by sub-chronic cyanide poisoning
in rats. Neurochem. Res. 36 (3), 540–548.

itchell, B.L., Bhandari, R.K., Bebarta, V.S., Rockwood, G.A., Boss, G.R., Logue, B.A.,
2013. Toxicokinetic profiles of �-ketoglutarate cyanohydrin, a cyanide detoxifi-
cation product, following exposure to potassium cyanide. Toxicol. Lett. 222 (1),
83–89.

ueller, L.D., Barter, T.T., 2015. A model of the evolution of larval feeding
rate in Drosophila driven by conflicting energy demands. Genetica 143 (1),
93–100.

urugesan, V., Subramanian, P., 2006. Effects of alpha-ketoglutarate on antioxidants
and lipids peroxidation products in rats treated with sodium valproate. J. Appl.
Biomed. 4, 141–146.

iemiec, T., Sikorska, J., Harrison, A., Szmidt, M.,  Sawosz, E., Wirth-Dzieciolowska, E.,
Wilczak, J., Pierzynowski, S., 2011. Alpha-ketoglutarate stabilizes redox homeo-
stasis and improves arterial elasticity in aged mice. J. Physiol. Pharmacol. 62 (1),
37–43.

iknahad, H., Khan, S., Sood, C., O’Brien, P.J., 1994. Prevention of cyanide-induced
cytotoxicity by nutrients in isolated rat hepatocytes. Toxicol. Appl. Pharmacol.
128 (2), 271–279.

ourooz-Zadeh, J., Tajaddini-Sarmadi, J., Wolff, S.P., 1994. Measurement of plasma
hydroperoxide concentrations by the ferrous oxidation-xylenol orange assay in
conjunction with triphenylphosphine. Anal. Biochem. 220, 403–409.

ark, M.S., Kim, H.J., Park, A.R., Ahn, K., Lim, H.W., Lim, C.J., 2012. Pap1p-dependent
upregulation of thioredoxin 3 and thioredoxin reductase genes from the fission

yeast under nitrosative stress. Can. J. Microbiol. 58 (2), 206–211.

erkhulyn, N.V., Rovenko, B.M., Zvarych, T.V., Lushchak, O.V., Storey, J.M., Storey,
K.B., Lushchak, V.I., 2015. Sodium chromate demonstrates some insulin-mimetic
properties in the fruit fly Drosophila melanogaster. Comp. Biochem. Physiol. C
Toxicol. Pharmacol. 167, 74–80.
 and Pharmacology 40 (2015) 650–659 659

Pettersen, J.C., Cohen, S.D., 1993. The effects of cyanide on brain mitochondrial
cytochrome oxidase and respiratory activities. J. Appl. Toxicol. 13 (1), 9–14.

Privat, C., Lantoine, F., Bedioui, F., Millanvoye van Brussel, E., Devynck, J., Devynck,
M.A., 1997. Nitric oxide production by endothelial cells: comparison of three
methods of quantification. Life Sci. 61 (12), 1195–1202.

Puntel, R.L., Nogueira, C.W., Rocha, J.B., 2005. Krebs cycle intermediates modulate
thiobarbituric acid reactive species (TBARS) production in rat brain in vitro.
Neurochem. Res. 30 (2), 225–235.

Radzki, R.P., Bienko, M.,  Pierzynowski, S.G., 2012. Anti-osteopenic effect of alpha-
ketoglutarate sodium salt in ovariectomized rats. J. Bone Miner. Metab. 30 (6),
651–659.

Rovenko, B.M., Perkhulyn, N.V., Gospodaryov, D.V., Sanz, A., Lushchak, O.V.,
Lushchak, V.I., 2015. High consumption of fructose rather than glucose promotes
a  diet-induced obese phenotype in Drosophila melanogaster. Comp. Biochem.
Physiol. A Mol. Integr. Physiol. 180, 75–85.

Rovenko, B.M., Perkhulyn, N.V., Lushchak, O.V., Storey, J.M., Storey, K.B., Lushchak,
V.I., 2014. Molybdate partly mimics insulin-promoted metabolic effects in
Drosophila melanogaster. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 165,
76–82.

Schriner, S.E., Katoozi, N.S., Pham, K.Q., Gazarian, M.,  Zarban, A., Jafari, M., 2012.
Extension of Drosophila lifespan by Rosa damascene associated with an increased
sensitivity to heat. Biogerontology 13 (2), 105–117, http://dx.doi.org/10.1007/
s10522-011-9357-0.

Semchuk, N.M., Vasylyk, Iu.V., Kubrak, O.I., Lushchak, V.I., 2011. Effect of sodium
nitroprusside and S-nitrosoglutathione on pigment content and antioxidant sys-
tem  of tocopherol-deficient plants of Arabidopsis thaliana. Ukr. Biokhim. Zh. 83
(6),  69–79.

Semchyshyn, H.M., Lozinska, L.M., 2012. Fructose protects baker’s yeast against per-
oxide stress: potential role of catalase and superoxide dismutase. FEMS Yeast
Res. 12, 761–773.

Sokołowska, M.,  Oleszek, A., Włodek, L., 1999. Protective effect of alpha-keto acids
on  the oxidative hemolysis. Pol. J. Pharmacol. 51, 429–434.

Thomas, C., Svehla, L., Moffett, B.S., 2009. Sodium-nitroprusside-induced cyanide
toxicity in pediatric patients. Expert Opin. Drug Saf. 8 (5), 599–602.

Tulsawani, R., Bhattacharya, R., 2006. Effect of alpha-ketoglutarate on cyanide-
induced biochemical alterations in rat brain and liver. Biomed. Environ. Sci. 19
(1), 61–66.

Tulsawani, R.K., Debnath, M.,  Pant, S.C., Kumar, O., Prakash, A.O., Vijayaraghavan, R.,
Bhattacharya, R., 2005. Effect of sub-acute oral cyanide administration in rats:
protective efficacy of alpha-ketoglutarate and sodium thiosulfate. Chem. Biol.
Interact. 156 (1), 1–12.

Velvizhi, S., Nagalashmi, T., Essa, M.M.,  Dakshayani, K.B., Subramanian, P., 2002.
chronic ethanol administration in Wistar rats. Pol. J. Pharmacol. 54, 231–236.
Yao, K., Yin, Y., Li, X., Xi, P., Wang, J., Lei, J., Hou, Y., Wu,  G., 2012. Alpha-ketoglutarate

inhibits glutamine degradation and enhances protein synthesis in intestinal
porcine epithelial cells. Amino Acids 42, 2491–2500.

http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0135
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0140
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0145
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0150
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0155
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0160
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0165
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0170
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0175
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0180
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0185
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0190
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0195
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0200
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0205
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0210
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0215
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0220
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0225
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0230
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0235
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
dx.doi.org/10.1007/s10522-011-9357-0
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0245
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0250
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0255
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0260
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0265
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0270
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0275
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280
http://refhub.elsevier.com/S1382-6689(15)30060-0/sbref0280

	Alpha-ketoglutarate attenuates toxic effects of sodium nitroprusside and hydrogen peroxide in Drosophila melanogaster
	1 Introduction
	2 Methods and materials
	2.1 Flies and rearing
	2.2 Effect of test chemicals on larval behavior (pupation height preference)
	2.3 Assay of food intake
	2.4 Testing of resistance of adult flies to SNP and H2O2
	2.5 Assay of H2O2 scavenging activity of AKG
	2.6 Assay of iron and nitrite levels in solutions with SNP and AKG
	2.7 Assay of chelating properties of AKG
	2.8 Preparation of homogenates of adult flies for metabolic analyses
	2.9 Assays of catalase activity, nitrite and total iron levels, and protein concentration
	2.10 Assay of oxidative stress markers
	2.11 Statistical analysis

	3 Results and discussion
	3.1 Dietary AKG reduces developmental toxicity of SNP on D. melanogaster without influence on food intake
	3.2 Dietary AKG enhances survival of adult flies upon SNP exposure
	3.3 Alpha-ketoglutarate does not influence level of nitrite and iron ions in SNP solution
	3.4 Alpha-ketoglutarate prevents oxidative damages in SNP-reared flies
	3.5 Alpha-ketoglutarate increases resistance of adult flies to hydrogen peroxide

	4 Conclusions
	Transparency document
	Acknowledgments
	References


