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The consumption of a high-fat diet (HFD) causes alteration in normal metabolism affecting lifespan of flies; however molecular
mechanism associatedwith this damage in flies is not well known.This study evaluates the effects of ingestion of a diet supplemented
with 10% and 20% of coconut oil, which is rich in saturated fatty acids, on oxidative stress and cells stress signaling pathways. After
exposure to the diet for seven days, cellular and mitochondrial viability, lipid peroxidation and antioxidant enzymes SOD and CAT
activity, and mRNA expression of antioxidant enzymes HSP83 and MPK2 were analyzed. To confirm the damage effect of diet
on flies, survival and lifespan were investigated. The results revealed that the HFD augmented the rate of lipid peroxidation and
SOD and CAT activity and induced a higher expression of HSP83 and MPK2 mRNA. In parallel, levels of enzymes involved in
lipid metabolism (ACSL1 and ACeCS1) were increased. Our data demonstrate that association amongmetabolic changes, oxidative
stress, and protein signalization might be involved in shortening the lifespan of flies fed with a HFD.

1. Introduction

Obesity is a chronic multifactorial disease, result of positive
energy balance, where food intake is greater than energy
expenditure. This overweight predisposes the organism to a
series of diseases such as cardiovascular problems, diabetes,
and sleep apnea [1, 2]. Given that, excessive food intake is
often directly linked to the consumption of foods rich in fat
and the increase in the amount of fatty acids in the diet causes
an imbalance in the metabolism [3].

A high-fat diet (HFD) causes damage at the cellular and
molecular levels, and it triggers an oxidative stress process.
Studies have demonstrated that this oxidative stress process

generates different responses such as the activation of signal-
ing pathways implicated in protecting cells against oxidative
damage, such as heat shock proteins (HSP) and mitogen-
activated protein kinase (MAPK) [3], peroxidation of lipids
and modification of proteins [4, 5], and insulin resistance
[6, 7]. Moreover, a HFD promotes an increased supply of
triglycerides and fatty acids and consequently it results in an
increase of fatty acids oxidation in order to produce energy.

Therefore, the study of biochemical mechanisms involved
in the cellular responses to changes in the diet requires close
attention to several metabolic pathways, given the complexity
of the organism, since in cellular signaling pathways the
interaction between genes and protein expression changes
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at the transcriptional level [8–11]. Acyl-CoA Synthetase and
Acetyl-CoA Synthetase are enzymes present in the fatty acid
metabolism, preserved in D. melanogaster, and they can be
used as parameters to quantify the production of acetate, one
of themainmetabolites that play an important role in lifespan
regulation [12].

In the last decade, drosophila has been a major model
system for the study of obesity andmetabolic syndrome com-
bined with oxidative stress [13, 14]. Body fat in insects such as
fruit fly Drosophila melanogaster plays a key role throughout
its development, to meet the new physiological and energy
needs [15]. Several phenotypic changes related to obesity
in humans can be observed in the Drosophila melanogaster
model, since flies exposed to a diet rich in fatty acids showed
fat accumulation, cardiac dysfunction, increased levels of
triglycerides, decreased levels of stress tolerance, and short-
ening of lifespan, reinforcing the idea of using drosophila as
an excellent model [1, 16–18].

Studies focused on cellular stress facing the high con-
sumption of lipids in drosophila are scarce. Thus, this
work aimed to investigate the oxidative damage, antioxidant
enzymes, and modulation of cells stress signaling pathway in
response to a high lipid diet contributing to the knowledge
about the cellular response to alteration of diet content in flies.

2. Materials and Methods

2.1. Materials and Fly Culture Condition. In order to perform
the treatments, the following items were used: virgin coconut
oil produced by Pró-Ervas�. Chemicals, including thiobarbi-
turic acid (TBA), 2,7-dichlorofluorescein diacetate (DCF-
DA), cocktail protease inhibitor, sodium orthovanadate, 4-
(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES),
5,5-dithiobis(2-nitrobenzoic acid) (DTNB), acetylthiocholine
iodide, ethylenediaminetetraacetic acid (EDTA), quercetin,
N,N,N,N-tetramethylethylenediamine (TEMED), manni-
tol, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), 7-hydroxy-3H-phenoxazin-3-one 10-oxide
(Resazurin), and 𝛽-mercaptoethanol, were procured from
Sigma-Aldrich Co., LLC, St. Louis, MO, USA. Fatty acid
and Lipid Metabolism Antibody Sampler Kit and 𝛽-actin
antibody were purchased from Cell Signaling Technology
(Danvers, MA, USA). Triglycerides liquiform and glucose
liquiform were obtained from Labtest (Lagoa Santa, MG,
Brazil). The sodium dodecyl sulfate was procured from GE
Healthcare Life Sciences (Little Chalfont, Bucks, ENG). Trizol
Reagent and DNase I were obtained from Invitrogen (Grand
Island, NY). iScript cDNA Synthesis Kit was from Bio-Rad
(Laboratories, Montreal, Quebec). Tris(hydroxymethyl)ami-
nomethane, hydrogen peroxide, TRITON X-100, and
dimethyl sulfoxide were purchased from Synth (Diadema,
SP, Brazil).

Drosophila melanogaster wild type (strain Harwich) was
obtained from the National Species Stock Center, Bowling
Green, Ohio, USA. The newly hatched flies were maintained
for about 3 days in an incubator with controlled temperature
of 25∘C and 30–50% humidity under a light/dark cycle of 12 h
fed on standard medium (1% yeast w/v, 2% w/v sucrose, 1%
w/v milk powder, 1% agar w/v, and 0.08% v/w nipagin).

1 day 3 days 10 days

Eclosion
(RD)

Experimental diet

Survival and locomotor assay

(RD of HFD)
Sample preparations and

biochemical analyses

Scheme 1

1 day 3 days x days

Eclosion After eclosion-
(RD) experimental diet

100% mortality

Lifespan test

(RD of HFD)

Scheme 2

2.2. Experimental Diets: Regular Diet (RD) and High-Fat Diet
(HFD). All the flieswere fed on a regular diet containing corn
flour (76.59%), wheat germ (8.51%), sugar (7.23%), milk pow-
der (7.23%), and salt (0.43%).D. melanogaster (both genders)
aged from 1 to 3 days were divided in three groups of 30 flies
each: (1) 0% coconut oil (regular diet, RD); (2) 10% coconut
oil; (3) 20% coconut oil. The macronutrient compositions of
the regular diet or coconut-supplemented diets are given in
Table 1.The concentration of coconut oil used in this protocol
is in accordance with Heinrichsen et al. [3].

2.3. Lifespan, Survival, and Body Weight. The flies were
exposed to the treatments for 7 days; at the end of the treat-
ments the flies were used for the different assays.The survival
rate was evaluated by a daily count of the number of living
flies until the end of the experimental period (Scheme 1). In
addition, body weight was registered at the beginning and at
the end of the treatment.

In order to test the lifespan, three days after the eclosion,
the flies were maintained under different experimental diets
which were changed every two days, until there were nomore
flies alive (Scheme 2).

2.4. Locomotor Assay: Negative Geotaxis. The locomotor
performance of the flies fed with a RD and a HFD was inves-
tigated using the negative geotaxis test, according to Coulom
and Birman [19], with minormodifications. Ten flies fed with
a HFD and a RD were immobilized under light anesthesia
with ice and they were placed separately in a vertical glass
column (15 cm long and 1.5 cm in diameter). After 30minutes
of recovery from the anesthesia, the flies were gently tapped
to the bottom of the column and the time they took to reach
the height of 8 cm was recorded. The tests were repeated five
times for each fly at onminute intervals. Results are presented
as mean time ± SE (s) of three independent experiments.

2.5. Biochemical Assays

2.5.1. Determination of DCF-DA Oxidation: Reactive Species
Levels (RS). For the quantification of reactive species gen-
eration (RS) a total of 20 flies were anesthetized on ice and
homogenized in 1mL 10mMTris-buffer, pH 7.4, after the end
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Table 1: Composition of regular diet (RD) and high-fat diets (HFD).

RD HFD 10% HFD 20%
Energy (kcal/g) 4.039 4.49 4.96
Carbohydrate (weight, %) 89.26 80.13 72.55
Protein (weight, %) 8.66 7.77 7.04
Total fat (weight, %) 2.07 12.08 20.40

Total saturated fat (weight, %) 1.08 10.00 17.71
6:0 0 0.03 0.07
8:0 0 0.05 0.10
10:0 0 0.49 0.94
12:0 0.03 0.61 1.13
14:0 0.13 2.02 3.6
16:0 0.61 1.71 2.47
18:0 0.20 0.61 0.91
20:0 0.01 0.01 0.01
24:0 0.001 0.002 0.002

Total monounsaturated fatty acids (weight, %) 0.60 1.35 1.81
14:1 0.007 0.01 0.01
16:1 0.02 0.04 0.06
18:1 0.55 1.30 1.78
20:1 0.002 0.003 0.003

Total polyunsaturated fatty acids (weight, %) 0.38 0.72 0.88
18:2 n-6 0.40 0.63 0.69
18:3 n-6 0.01 0.02 0.03
18:1t 0.04 0.06 0.08
18:2t 0.005 0.007 0.009

HFD 10% and HFD 20%: high-fat diets were performed with a coconut oil addiction.

of the treatments.Thehomogenatewas centrifuged at 1000×g
for 5 minutes at 4∘C and the supernatant was removed
for assay quantification of 2,7-dichlorofluorescein diacetate
(DCF-DA) oxidation, as a general index of oxidative stress
according to the protocol of Pérez-Severiano et al. [20].
The fluorescence emission of DCF resulting from DCF-DA
oxidation was monitored after one hour at an excitation
wavelength of 485 nm and an emission wavelength of 530 nm
in the spectrophotometer.The rate of DCF formationwas cal-
culated as a percentage of the fluorescence of the treatments
in relation to the RD group.

2.5.2. Determination of Lipid Peroxidation. In order to ana-
lyze lipid peroxidation, 20 flies were homogenized in 1mL
of HEPES buffer 20mM, pH 7.0, and centrifuged at 1000×g
for 10 minutes (4∘C), after the end of the treatments. The
supernatant was removed for assay, following the method
of Ohkawa et al. [21], with minor modifications. Briefly, the
supernatant was incubated in 0.45M acetic acid/HCl buffer
pH 3.4, 0.28% thiobarbituric acid, 1.2% SDS, at 95∘C for 60
minutes, and the absorbance was then measured at 532 nm.
Results represent themean of three independent experiments
(performed in duplicate).TheTBARSvalueswere normalized
by protein concentration and are expressed as a percentage of
TBARS production in relation to the RD group.

2.5.3. Triglyceride, Glucose, and Protein Measurements. After
seven days of exposing D. melanogaster to the diets, 20
whole flies were anesthetized, homogenized, and prepared,
as described by Grönke et al. [22] for the analysis of total
triglycerides and as described by Birse et al. [16] for the
analysis of glucose. Both were measured by using the specific
Labtest� kit. Protein concentrations of the homogenate were
determined by the method of Bradford [23], using bovine
serum albumin as the standard.

2.5.4. Enzyme Assays. For the analysis of enzymes activity,
20 flies were homogenized in 1mL of 10mM Tris-buffer, pH
7.4, and then centrifuged at 1000×g for 10 minutes (4∘C).
An aliquot was taken for the analysis of acetylcholinesterase
activity (AChE; EC 3.1.1.7) in a reaction mixture contain-
ing phosphate buffer (0.25M, pH 8.0), 5,5-dithiobis 2-
nitrobenzoic acid (5mM), 50 𝜇L sample, and 25 𝜇L acetylth-
iocholine iodide (7.25mM). The reaction was monitored for
two minutes at 412 nm. Enzyme activity was expressed as
nanomoles of substrate hydrolyzed per minute per milligram
protein [24].

The remaining supernatant was centrifuged at 20000×g
for 30 minutes (4∘C) and it was used for the analysis of
antioxidant enzymes. Catalase activity (CAT; EC 1.11.1.6) was
determined according to Aebi [25] with minor modifications
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by Paula et al. [26]. The reaction mixture contained phos-
phate buffer (0.25M/EDTA 2.5mM, pH 7.0), H

2
O
2
(10mM),

0.012% Triton X 100, and 30 𝜇L sample. The decay in H
2
O
2

was monitored during one minute at 240 nm and expressed
as micromole of H

2
O
2
decomposed/min/mg protein.

Superoxide dismutase activity (SOD, EC 1.15.1.1) was
measured according to Kostyuk and Potapovich [27], with
minor modifications by Franco et al. [28]. It was performed
by monitoring the inhibition of quercetin autooxidation.
The reaction mixture contained sodium phosphate buffer
(0.025M/EDTA 0.1mM, pH 10), N,N,N,N-tetramethylethyl-
enediamine (TEMED), and 10 𝜇L sample and it was started
by adding 0.15% quercetin dissolved in dimethyl formamide.
The reactionwasmonitored for twominutes at 406 nm, and it
is expressed as the amount of protein required to inhibit 50%
of quercetin autooxidation.

2.5.5. Preparation of Mitochondrial Enriched Fractions and
Metabolic Activity. A mitochondrial enriched fraction was
prepared from the whole body of flies using the method of
differential centrifugation [29]. Briefly, flies were homoge-
nized in ice-cold Tris-sucrose buffer (0.25M, pH 7.4) (60mg
fly tissue homogenized in 1000𝜇L buffer) and centrifuged
at 1000×g for five minutes (4∘C). A fraction enriched with
mitochondria was obtained by centrifuging the postnuclear
supernatant at 10000×g for 10 minutes (4∘C). The pellet was
washed in mannitol-sucrose-HEPES buffer and resuspended
in 200𝜇L of suspension buffer.

A portion of 200 microliters of the mitochondrial
enriched fraction (200 microliters) was incubated with 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
MTT (x% solution) for 30 minutes at 37∘C. After that,
the samples were centrifuged at 10000×g for five minutes.
The pellet was dissolved in dimethyl sulfoxide (DMSO),
incubated for 30 minutes at 37∘C, and the absorbance was
measured at 540 nm. Results were expressed as percentage of
the control.

2.5.6. Dehydrogenases Activity of Drosophila melanogaster.
An investigation of the dehydrogenases activity was carried
out for the whole flies’ homogenate and it was performed
by using the CellTiter-Blue� cell viability assay kit [30]. The
method is based on the ability of viable cells to reduce
resazurin to resorufin, a fluorescent molecule. Whole flies
were homogenized in 10mM Tris-buffer, pH 7.4, and 100 𝜇L
pipettedin, a 96-well plate, and an aliquot of CellTiter-Blue
was added according to the instructions of the manufacturer.
After 1 h, the fluorescence was recorded at ex579 nm and
em584 nm.

2.6. Western Blotting. After the treatments, groups of 40
whole flies were mechanically homogenized at 4∘C in 200𝜇L
of buffer (pH 7.0) containing 50mM Tris, 1mM EDTA,
20mM Na

3
VO
4
, 100mM sodium fluoride, and protease

inhibitor cocktail. Then, the homogenate was centrifuged for
10min at 1000×g at 4∘C and the supernatant was collected.
After protein determination according to Bradford [23], 4%
SDS solution, ß-mercaptoethanol, and glycerol were added
to samples to a final concentration of 100, 8, and 25%,

Table 2:Genes tested by quantitative real-timeRT-PCRanalysis and
used forward and reverse primers.

Genes Primers sequences

Tubulin LEFT 5-ACCAATGCAAGAAAGCCTTG 3

RIGHT 5-ATCCCCAACAACGTGAAGAC 3

Catalase LEFT 5-ACCAGGGCATCAAGAATCTG 3

RIGHT 5-AACTTCTTGGCCTGCTCGTA 3

Superoxide
dismutase

LEFT 5-GGAGTCGGTGATGTTGACCT 3

RIGHT 5-GTTCGGTGACAACACCAATG 3

HSP83 LEFT 5-CAAATCCCTGACCAACGACT 3

RIGHT 5-CGCACGTACAGCTTGATGTT 3

MPK2 LEFT 5-GGCCACATAGCCTGTCATCT 3

RIGHT 5-ACCAGATACTCCGTGGCTTG 3

respectively, and the samples were frozen for further analysis.
The proteins were separated by SDS-PAGE using 10% gels
and then electrotransferred to nitrocellulose membranes as
previously described by Paula et al. [26]. Membranes were
washed in Tris-buffered saline with Tween 100mmol/L Tris-
HCl, 0.9% NaCl, and 0.1% Tween-20, pH 7.5, and incubated
overnight (4∘C) with specific primary antibodies anti-Acetyl-
Coenzyme A Synthetase (ACeCS 1) and anti-Acyl-Coenzyme
Synthetase (ACSL 1) and anti-𝛽 actin. Subsequently, the
membranes were washed in Tris-buffered saline with Tween
and incubated for 1 h at 25∘C with anti-rabbit Ig-secondary
antibodies. Antibody binding was visualized using the ECL
Western Blotting Substrate Kit (Promega). Band staining
density was quantified using the Scion Image software (Scion
Image for Windows). Results are expressed as optical density
of ACSL1 or ACeCS1/optical density of respective ß-actin.

2.7. Quantitative Real-Time RT-PCR. ATrizol Reagent (Invit-
rogen, NY) based on RNA extraction was employed using 20
flies, according to themanufacturer’s instruction. After quan-
tification, the total RNAwas treatedwithDNase I (Invitrogen,
NY) and the cDNA was synthesized with MMLV RNAse H
reverse transcriptase contained in the iScript cDNASynthesis
Kit (Bio-Rad), using both oligodT and random primers,
following the manufacturer’s protocol (Table 2). Quantitative
real-time polymerase chain reaction was performed in 15𝜇L
reaction volumes containing 14𝜇L of SYBR SelectMasterMix
1x PCR Buffer plus 1 𝜇L of the sample containing 60 ng/𝜇L of
cDNA in a 7500 Fast & 7500 Real-Time PCR System (Applied
Biosystems, NY). The qPCR cycling protocol was the follow-
ing: 50∘C for twominutes and 95∘C for twominutes, followed
by 40 cycles of 15 seconds at 95∘C, oneminute at 60∘C, and 30
seconds at 72∘C. All samples were analyzed as technical and
biological triplicates with a negative control. Threshold and
baselines were manually determined using the StepOne Soft-
ware v2.0 (Applied Biosystems, NY). RNA input normaliza-
tion was performed with two genes (Tubulin and GAPDH),
and the stability was evaluated and confirmed by geNorm
[31].The 2−ct method [32] was used to calculate the relative
expression.
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Figure 1: Lifespan and survival curves and body weight due to a high-fat diet. Wild type Drosophila melanogaster (strain Harwich: both
sexes) were placed on regular diet (RD) and high-fat diet (HFD) under controlled conditions. (a) Lifespan: the flies were counted daily until
there were no more flies alive. Coconut oil (10% and 20%) in the diet caused a significant decrease in lifespan. Four sets of twenty-five flies
were used for each diet condition. (b) Survival curve in seven days: the number of live and dead flies was counted every 24 h during seven
days of the treatment and exposure of diets. Coconut oil (10% and 20%) in the diet caused a significant decrease in survival rate. Three sets of
twenty flies were used for each diet condition. (c) Body weight was evaluated at first and seventh days after the exposure to the different diets
(data expressed in percentage of the 0% coconut oil group, RD).Three sets of twenty flies were used for each diet condition (mean ± standard
deviation). ∗𝑝 < 0.05 in relation to RD group.

2.8. Statistical Analysis. Lifespan measurement was deter-
mined by comparing the survival curves with a log-rank
(Mantel-Cox) test. Other statistical analyses were performed
using one-way ANOVA followed by Newman-Keuls post hoc
test. Differenceswere considered statistically significantwhen
𝑝 < 0.05. The Graph Pad Prism 5 Software was used for
artwork creation.

3. Results

3.1. High-Fat Diet Reduces Lifespan and Survival Rate Causing
Alteration in Body Weight, Triglycerides, and Glucose Levels.
According to Figure 1(a), the lifespan of flies receiving a RD
was up to 41 days. However, when adding coconut oil at both
concentrations tested (HFD: 10% to 20%), the maximum life
span drops to 28 and 15 days, respectively. Furthermore, seven
days of exposure of flies to a HFD (10% and 20% coconut oil)
caused significant reduction on survival (28% and 35%, resp.)

when compared with the RD group (𝑝 < 0.05) (Figure 1(b)).
In addition, seven days of exposure to coconut oil in the
diet (10% and 20%) caused a significant increase in the body
weight of flies (5% and 14%, resp.) (Figure 1(c)).

The levels of triglycerides and glucose were measured in
D. melanogaster exposed to a HFD. At the concentrations of
10% and 20% of coconut oil, the levels of triglycerides in flies
increased 66% and 105%, respectively, when compared to the
RD group (0% coconut oil) (Figure 2(a)). However, the HFD
(10% and 20% coconut oil) caused a decrease in the glucose
levels in 49% and 60%, respectively, when compared to the
RD group (0% coconut oil) (Figure 2(b)).

3.2. Locomotor Performance and Acetylcholinesterase Activity.
The exposure of flies to a HFD also had a significant
deleterious impact on locomotor behavior. Flies fed for seven
days with 10% and 20% coconut oil took two to five times
longer to reach to the 8 cm measurement on the containers
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Figure 2: Diet enriched with coconut oil increased augmented triglyceride levels and decreased glucose levels inD. melanogaster. After seven
days on the diets, three sets of twenty flies of each diet condition were used for triglyceride and glucose measurements. (a)The data expresses
triglycerides levels in whole flies homogenate expressed in mg/dL. (b) Glucose levels in flies homogenate expressed in mg/dL. ∗𝑝 < 0.05 in
relation to the RD group.
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Figure 3: Effects of the exposure to a high-fat diet on locomotor performance and acetylcholinesterase (AChe) activity in D. melanogaster.
(a) Locomotor ability of flies was analyzed by negative geotaxis after seven days of exposure to coconut oil enriched diet (0%, 10%, and
20%). Three sets of ten flies were used for each diet condition. Results are expressed as mean of time spent to reach 8 cm in a glass tube ±
SE of three independent experiments. (b) The data shows the AChe activity in flies’ homogenate expressed as mean (mU/mg protein) ±
standard deviation.Three sets of twenty flies were analyzed for each diet condition. ∗ indicates a significant difference in the RD and the HFD
(𝑝 < 0.05).

(Figure 3(a)). Thus, it is considered that the higher the
concentration of coconut oil in the diet of drosophila, the
lower their mobility capabilities in the negative geotaxis test.

Additionally, the activity of acetylcholinesterase (Ache) in
D. melanogaster exposed to a HFD and coconut oil was also
determined, which resulted in a decrease of AChe activity
(Figure 3(b)).

3.3. Oxidative Stress Markers and Antioxidant Defenses.
Oxidative stress is directly linked to the accumulation of fat
in mice and humans; however, the mechanism implicated in

flies is not fully understood. In this study we quantify DCF-
DA oxidation as a general indicator of oxidative stress and
TBARS as an indicator of lipid peroxidation (Figures 4(a) and
4(b)). Flies fed with 20% coconut oil in the diet had a sig-
nificant increase of 47% in the production of reactive species
measured by the oxidation of DCF-DA in the RD group (Fig-
ure 4(a)). Regarding the levels of lipid peroxidation, both con-
centrations tested (10% and 20%) reported a significant
increase of 11% and 19%, respectively, compared to the RD
group (0% coconut oil) (Figure 4(b)).

The levels of the activity of the antioxidant enzymes CAT
and SOD were determined (Figures 4(c) and 4(d)). After
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Figure 4: Effects on oxidative stress parameters in flies treated for seven days with a regular diet (RD) and a high-fat diet (HFD). After seven
days on the diets, flies were homogenized and the supernatant was used for various analyses of stress markers and the activity of antioxidant
enzymes. (a) Showing the DCF-DA intensity of fluorescence in total flies homogenate. Three sets of twenty flies were used for each diet
condition. (b) End products of lipid peroxidation determined by TBARS assay in total flies homogenate, expressed in MDA nmoles/mg of
protein. Three sets of twenty flies were analyzed for each diet condition. (c) Catalase (CAT) activity and (d) superoxide dismutase (SOD)
activity in total flies homogenate. Three sets of twenty flies were analyzed for each diet condition. Data are expressed as a mean ± standard
deviation in mU/mg protein. ∗ indicates a significant difference in relation to RD (𝑝 < 0.05).

seven days of treatment, the flies that received 20% coconut
oil concentration in the diet demonstrated a significant
increase in the activity of both catalase (CAT) and superoxide
dismutase (SOD) enzymes.

3.4.Metabolic Activity ofMitochondrial Enriched Fraction and
Dehydrogenases Activity in Response to a HFD. Dehydroge-
nases activity was assessed by the resazurin reduction test and
the metabolic activity was assessed by MTT assay. Both tests
showed a significant drop in dehydrogenases and metabolic
activity for all coconut oil concentrations tested (10% and
20%) (Figures 5(a) and 5(b)).

3.5. Coconut Oil Exposure in Diet by Seven Days Increases the
Levels of ACeCS1 andACSL1. Acetyl-CoenzymeASynthetase
(ACeCS 1) and Acyl-Coenzyme Synthetase (ACSL 1) were
investigated in flies exposed to coconut oil (10% and 20%) in

the diet during seven days. There was a significant increase
in ACeCS1 content in the groups that have consumed 10%
and 20% of coconut oil in diet, respectively, when comparing
to control group (Figure 6(b)). ACSL1 content was increased
in both concentrations tested comparing to control (Fig-
ure 6(b)). Data expresses a ratio of optical density of the bands
in relation to 𝛽-actin.

3.6. Quantitative Real-Time PCR (QRT-PCR) Analysis of
HSP83, MPK2, SOD, and CAT mRNA in Flies. Flies were
exposed to 0%, 10%, and 20% coconut oil in their food for
seven days. We used qRT-PCR to quantify levels of mRNA,
relative to the respective RD groups, after exposure. The data
were normalized against TUBULIN transcript levels. The
concentration of 20% coconut oil causes significant increase
inHSP83 andMPK2 expression ofmRNA levels (Figures 7(a)
and 7(b), resp.). Although the statistical tests did not reveal
significant difference, SOD and CAT mRNA levels seem to
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Figure 5: Effect of coconut oil on the metabolic activity and dehydrogenases activity in total homogenate of flies treated during seven days
with a RD or a HFD. After seven days on the diets, flies were homogenized and centrifuged according to protocols and the samples were
utilized for dehydrogenases activity (three sets of twenty flies were analyzed for each diet condition) by the resazurin reduction test in (a)
and the metabolic activity (approximately 60mg fly tissues were used for each diet condition) by MTT assay in (b). Both graphs express the
results as a percentage (%) in relation to the RD group (mean ± standard deviation). ∗𝑝 < 0.05 in relation to RD ∗∗∗𝑝 < 0.0001 in relation
RD.
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Figure 6: Expression levels of enzymes ACSL1 and ACeCS1 in response to the treatment of D. melanogaster with a regular diet (RD) and a
high-fat diet (HFD) for seven days. After feeding the flies for seven days with different diets, they were homogenized and the proteins were
separated by SDS-PAGE and transferred to nitrocellulose membrane. We quantified total content of proteins using specific antibodies. (a)
The upper panel is a Western Blot showing expression levels of Acyl-CoA Synthetase (ACSL1) and Acetyl-CoA Synthetase (ACeCS1) with
respective contents of𝛽-actin. (b)The graphs are showing the ratio ofOD fromquantification of immunoreactive bands/𝛽-actin and represent
an average ± standard deviation. Three sets of forty flies were used for each diet condition. ∗ indicates a significant difference between the
RD and the HFD (𝑝 < 0.05).

be increased in relation to control group, mainly in higher
concentration of oil (Figures 7(c) and 7(d), resp.).

4. Discussion

The results of this study indicate that the coconut oil, when
added to the diet of the Drosophila melanogaster, causes

several changes in itsmetabolism as observed in studies based
in mammal models [32]. Coconut oil in both concentrations
tested (10% and 20%) is one of the causes of a significant
increase in body weight, triglyceride levels, and a decrease
in glucose levels. Additionally, an increase in the enzymes
present in the metabolism of fatty acids, such as Acetyl-CoA
Synthetase (ACeCS1) and Acyl-CoA Synthetase (ACSL1),
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Figure 7: Quantitative real-time PCR (qRT-PCR) analysis of Hsp83, MPK-2, CAT, and SOD mRNA in flies exposed to high-fat diet. Flies
were exposed for seven days to 0%, 10%, and 20% of coconut oil in their food. qRT-PCR was used to quantify levels of mRNA of each diet
after exposure. The data were normalized against TUBULIN transcript levels and each bar represents the mean ± SEM. Three sets of twenty
flies were used for each diet condition. ∗ indicates a significant effect of a high-fat diet in comparison with a RD (𝑝 < 0.05).

and an induction of oxidative stress were observed. Possible
serving as an adaptive response to this, there was an increase
in the activity of antioxidant enzymes SOD and CAT and
augmented expression levels of mRNA of Hsp83 and MPK2.
Furthermore, the locomotor performance was impaired and
the activity of acetylcholine esterase was reduced. Besides,
cellular and mitochondrial viability was decreased with a
significant reduction in the lifespan of treated flies.

The addition of coconut oil concentrations in the diet
(10% and 20%) increases the body weight and triglycerides
levels. Considering the diet being tested, which is high in
saturated fat, it offers to flies larger concentrations of fat and,
consequently, the increase of body weight is attributed to the
increase of fat amount. It has been demonstrated, corrobo-
rating with our study, that a high-fat diet induces several
consequences on lifespan, stress tolerance, and others in
the Drosophila melanogaster model [3, 17]. In our study, we
observed the decrease in glucose levels in flies fed with 10%
and 20% coconut oil concentrations in their diet; however,
our result is different from those observed by others [3, 17, 33].

According to Heinrichsen et al. [3] flies that received a high-
fat diet (combination of yeast, corn starch, molasses, and
20% coconut oil concentration) demonstrated an increase in
glucose levels.We suppose that the increase in the availability
of triglycerides and fatty acids alters the use of glucose and
its substrates on the oxidative mitochondrial metabolism.
In fact, high-fat diets are known to influence the glucose
metabolism including the increase in lactate levels in obese
human subjects and the increase of lactate and pyruvate in
mice that received a HFD [6, 7].

Many of the metabolic regulatory pathways are deranged
inmodels using high-fat diets. AHFD promotes an increased
supply of triglycerides and fatty acids and consequently an
increase of fatty acids oxidation as a way to get energy. Our
work demonstrates for the first time an association between
a HFD and the increase on Acyl-CoA Synthetase and Acetyl-
CoA Synthetase phosphorylation, enzymes that are present
in the fatty acid metabolism, in Drosophila melanogaster.

The significant increase in Acyl-CoA Synthetase in the
flies is directly connected to Acetyl-CoA by the oxidation
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of fatty acids for adenosine triphosphate (ATP) production
in the Krebs cycle. Therefore, we suggest that the HFD is
being used to produce energy since the glucose levels are
not enough. However, we know that the excess of Acetyl-
CoA by oxidation of fatty acids can generate ketone bodies
and acetate. Some studies demonstrate that acetate levels rise
when fatty acid oxidation rises [34]. Acetate freely diffuses to
most organs where it is utilized by Acetyl-CoA Synthetase
to generate Acetyl-CoA. Then, Acetyl-CoA can be oxidized
by peripheral tissues as a source of energy [34]. The increase
in Acyl-CoA Synthetase and Acetyl-CoA Synthetase in our
study is related to the increase in this metabolic pathway
caused by a HFD in the mitochondria.

Given that a HFD accelerates the lipid metabolism route
and increases the Acetyl-CoA Synthetase enzyme, we can
suppose an increase in the amount of acetate available in the
organism of the flies fed with coconut oil and, in part, this
is one of the causes of the reduction in the lifespan, as pre-
sented in this study, since many authors report than acetate
metabolism plays a critical and important role in aging,
because it is regulated by NAD+ dependent protein deacety-
lases (sirtuins) that have central roles in energy homeostasis
and aging.

Mitochondria are cytoplasmic organelles whose main
function is the production of most of the phosphate com-
pounds needed for energy balance of the cell [35]. Besides, the
mitochondrial dysfunction can accumulate oxidative dam-
age, increase the RS generation, and consequently decrease
ATP production and cell viability.Themitochondrial activity
in excess by an increase of enzymes ACSL1 and ACeCS1,
observed in our study, can be directly related to the increase in
the RS production and, consequently, oxidative stress caused
by a HFD in our model. In fact, in our study we observed an
increase in RS production in the flies fedwith 20% coconut oil
concentration in the diet. Excessive consumption of fats, as in
the cases of obesity, increases mitochondrial oxidative work
load, which causes an increase in mitochondrial RS produc-
tion by the electron transport chain and, consequently, the
oxidative stress situation [36]. We believe that the increased
oxidative stress is directly related to the change in the diet,
providing flies with increased intake of saturated fats present
in the commercial coconut oil.

Moreover, the oxidative stress by a HFD also caused an
increase in lipid peroxidation. Furthermore, studies described
that this high-fat diet model based on coconut oil concentra-
tions is characterized as a geneticmodel to study obesity inD.
melanogaster [9, 16, 37]. Increased oxidative stress in accumu-
lated fat is an important pathogenic mechanism of metabolic
syndromes associated with obesity, because oxidative damage
may favor cell damage processes and inflammatory processes
[38]. As a compensatory response to the damage, there is an
increase in the activity of the antioxidant enzymes CAT and
SOD and, in addition to this, there is a tendency to increase
the expression of these enzymes.We believe that this increase
in the activity of antioxidant enzymes and expression may
represent a compensatory response to oxidative insults, since
chronic exposure to coconut oil remained for seven days.

Obesity caused by lipid accumulation in adipose tissue
is responsible for triggering cellular stress, a process of
chronic inflammation characterized by abnormal production
of cytokines by adipose tissue [39]. Once in a state of stress,
themajor organelles that suffer the consequences of this stress
are the mitochondria and the endoplasmic reticulum (ER)
[40]. In this study, a decrease in the metabolic activity has
been demonstrated confirming the presence of a stress state
which may result from apoptotic processes that produce a
decrease in dehydrogenases activity caused by coconut oil in
the diet of D. melanogaster. Besides, in increased nutrition
conditions, the adipocyte breaks its ER which begins to
generate malformed proteins. In response to this damage, the
adipocyte ER begins to generate responses as the formation
and increased expression of heat shock proteins andmitogen-
activated protein kinases (MAPKs) [41].

In invertebrates, MAPKs and molecular chaperones such
as the heat shock family of stress proteins (HSPs) participate
in a range of cellular processes, including the development of
normal cells, regulating the immune response and cytopro-
tection [42, 43]. However, there are no studies regarding the
effects caused by a HFD with coconut oil in flies on gene
expression of MAPK mRNA levels and HSP83 mRNA levels,
a heat shock protein. Flies on a HFD with 10% and 20%
coconut oil concentrations also led to the cellular response
to damage such as increased expression of heat shock protein
HSP83 and increased expression of MPK2, which is the D.
melanogaster protein homologous to the P38 (MAPKs) in
mammals.

In our experimental protocol, the exposure of D.
melanogaster to coconut oil concentrations (10% and 20%)
revealed a decrease in locomotor capacity by changes in geo-
taxis negative, a commonly used behavior addressed to assess
neurolocomotor function in Drosophila melanogaster [44].
Moreover, a decrease in the activity of the enzyme acetyl-
cholinesterasewas also observed. Fournier et al. [45] reported
that changes in the enzyme AChe, present in the central
nervous system of drosophila, can affect the sensitivity of
these insects and their locomotor ability as demonstrated in
compounds with insecticidal effects. Furthermore, a reduc-
tion in the growth of skeletal muscles which can be directly
related to the decrease in protein levels and locomotor
capacity has been reported in studies of mice that received
a high-fat diet in comparison to the study model reported in
this work [3]. In addition to this, we presuppose that because
the flies treatedwith coconut oil showed a significant decrease
in glucose levels, the degradation of fatty acids by lipolysis is
a compensatory role.

In summary, our study revealed for the first time that flies
fed for seven days with a high-fat diet by coconut oil addition
(10% and 20%) have a reduced locomotor performance, an
increase inAcyl-CoASynthetase andAcetyl-CoASynthetase,
and, consequently, an increase in the production of reac-
tive species and thiobarbituric acid reactive substances, an
increase of HSP83 and MPK2 expression, which generates
an oxidative stress situation. Furthermore, the association
among metabolic changes, oxidative stress, and protein sig-
nalizationmight be involved in shortening the lifespan of flies
fed with a HFD.
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and R. P. Kühnlein, “Control of fat storage by a Drosophila PAT
domain protein,” Current Biology, vol. 13, no. 7, pp. 603–606,
2003.

[23] M. M. Bradford, “A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein-dye binding,”Analytical Biochemistry, vol. 72, no. 1-2,
pp. 248–254, 1976.

[24] G. L. Ellman, K. D. Courtney, V. Andres Jr., and R. M.
Featherstone, “A new and rapid colorimetric determination of
acetylcholinesterase activity,” Biochemical Pharmacology, vol. 7,
no. 2, pp. 88–IN2, 1961.

[25] H. Aebi, “[13] catalase in vitro,”Methods in Enzymology, vol. 105,
pp. 121–126, 1984.

[26] M. T. Paula, A. P. P. Zemolin, A. P. Vargas et al., “Effects ofHg(II)
exposure onMAPK phosphorylation and antioxidant system in
D. melanogaster,” Environmental Toxicology, vol. 29, no. 6, pp.
621–630, 2012.

[27] V. A. Kostyuk and A. I. Potapovich, “Superoxide-driven oxida-
tion of quercetin and a simple sensitive assay for determination
of superoxide dismutase,”Biochemistry International, vol. 19, no.
5, pp. 1117–1124, 1989.

[28] J. L. Franco, R. Trevisan, T. Posser et al., “Biochemical alterations
in caged Nile tilapia Oreochromis niloticus,” Ecotoxicology and
Environmental Safety, vol. 73, no. 5, pp. 864–872, 2010.

[29] R. Hosamani and Muralidhara, “Acute exposure of Drosophila
melanogaster to paraquat causes oxidative stress and mito-
chondrial dysfunction,” Archives of Insect Biochemistry and
Physiology, vol. 83, no. 1, pp. 25–40, 2013.

[30] J. L. Franco, T. Posser, P. R. Dunkley et al., “Methylmercury
neurotoxicity is associated with inhibition of the antioxidant



12 Oxidative Medicine and Cellular Longevity

enzyme glutathione peroxidase,” Free Radical Biology and
Medicine, vol. 47, no. 4, pp. 449–457, 2009.

[31] J. Vandesompele, K. De Preter, F. Pattyn et al., “Accurate nor-
malization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes,” Genome Biology,
vol. 3, no. 7, Article ID RESEARCH0034, 2002.

[32] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the
2(2Delta Delta C(T)) method,” Methods, vol. 25, pp. 402–408,
2001.

[33] A. H. Lichtenstein, E. Kennedy, P. Barrier et al., “Dietary fat
consumption and health,” Nutrition Reviews, vol. 56, no. 5, pp.
S3–S19, 1998.

[34] T. Shimazu, M. D. Hirschey, J.-Y. Huang, L. T. Y. Ho, and E.
Verdin, “Acetate metabolism and aging: an emerging connec-
tion,” Mechanisms of Ageing and Development, vol. 131, no. 7-8,
pp. 511–516, 2010.

[35] H. Yamashita, T. Kaneyuki, and K. Tagawa, “Production of
acetate in the liver and its utilization in peripheral tissues,”
Biochimica et Biophysica Acta—Molecular and Cell Biology of
Lipids, vol. 1532, no. 1-2, pp. 79–87, 2001.

[36] C. F. Semenkovich, “Insulin resistance and atherosclerosis,”The
Journal of Clinical Investigation, vol. 116, no. 7, pp. 1813–1822,
2006.

[37] T. G. Bross, B. Rogina, and S. L. Helfand, “Behavioral, physical,
and demographic changes in Drosophila populations through
dietary restriction,” Aging Cell, vol. 4, no. 6, pp. 309–317, 2005.

[38] S. Furukawa, T. Fujita,M. Shimabukuro et al., “Increased oxida-
tive stress in obesity and its impact on metabolic syndrome,”
Journal of Clinical Investigation, vol. 114, no. 12, pp. 1752–1761,
2004.

[39] F. C. Di Naso, G. Rodrigues, A. S. Dias, M. Porawski, H.
Fillmann, and N. P. Marroni, “Hepatic nitrosative stress in
experimental diabetes,” Journal of Diabetes and its Complica-
tions, vol. 26, no. 5, pp. 378–381, 2012.

[40] R. Bravo, V. Parra, D. Gatica et al., “Endoplasmic reticulum
and the unfolded protein response. dynamics and metabolic
integration,” International Review of Cell andMolecular Biology,
vol. 301, pp. 215–290, 2013.

[41] R. J. Davis, “Signal transduction by the JNK group of MAP
kinases,” Cell, vol. 103, no. 2, pp. 239–252, 2000.

[42] I. J. Benjamin andD. R.McMillan, “Stress (heat shock) proteins:
molecular chaperones in cardiovascular biology and disease,”
Circulation Research, vol. 83, no. 2, pp. 117–132, 1998.

[43] B. E. Stronach and N. Perrimon, “Stress signaling in Drosoph-
ila,” Oncogene, vol. 18, no. 45, pp. 6172–6182, 1999.

[44] R. Hosamani and Muralidhara, “Neuroprotective efficacy of
Bacopa monnieri against rotenone induced oxidative stress and
neurotoxicity in Drosophila melanogaster,” NeuroToxicology,
vol. 30, no. 6, pp. 977–985, 2009.

[45] D. Fournier, A. Mutero, M. Pralavorio, and J.-M. Bride,
“Drosophila acetylcholinesterase: mechanisms of resistance to
organophosphates,” Chemico-Biological Interactions, vol. 87, no.
1–3, pp. 233–238, 1993.


