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In the last decades, foods rich in omega-3 (ω-3) fatty acids (FA) have been replaced by omega-6 (ω-6) and
trans FA, which are found in processed foods. The influence of ω-6 (soybean oil – SO), trans (hydrogenated
vegetable fat – HVF) and ω-3 (fish oil – FO) fatty acids on locomotor and oxidative stress (OS) parameters
were studied in an animal model of mania. Rats orally fed with SO, HVF and FO for 8 weeks received daily
injections of amphetamine (AMPH— 4 mg/kg/mL-ip) for the last week of oral supplementation. HVF induced
hyperactivity, increased the protein carbonyl levels in the cortex and decreased the mitochondrial viability in
cortex and striatum. AMPH-treatment increased the locomotion and decreased the mitochondrial viability in
all groups, but its neurotoxicity was higher in the HVF group. Similarly, AMPH administration increased the
protein carbonyl levels in striatum and cortex of HVF-supplemented rats. AMPH reduced the vitamin-C
plasmatic levels of SO and HVF-fed rats, whereas no change was observed in the FO group. Our findings
suggest that trans fatty acids increased the oxidative damage per se and exacerbated the AMPH-induced
effects. The impact of trans fatty acids consumption on neuronal diseases and its consequences in brain
functions must be further evaluated.
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1. Introduction

Trans fatty acids (TFA) in food attract the attention of the general
public due to their potential adverse effects on human health.
Although TFA from ruminant fats have been part of the human diet
for thousands of years, the intake of TFAs increased enormously with
the increasing use of hydrogenated vegetable fats (HVF) during the
second part of the 20th century (Pfeuffer and Schrezenmeir, 2006).

The consumption of convenience food and fast food in theWestern
diet has increased during the last decades (Baggio and Bragagnolo,
2006). These foods often contain large amounts of saturated fatty
acids, monounsaturated fatty acids and polyunsaturated fatty acids of
the omega-6 (ω-6) series (Baggio and Bragagnolo, 2006), as well as
considerable amounts of TFA (Allison et al., 1999). These changes in
the feeding habits increased the ratio ofω-6/ω-3 polyunsaturated fatty
acids (PUFAs) intake, mainly as a consequence of intake reduction of
ω-3 fatty acids (FA) (Ailhaud et al., 2006). Froma dietary point of view,
the consumption of TFA represents a loss of essential fatty acids intake
that may have a hazardous impact on human health.
α-linolenic acid (LNA; 18:3n-3) and linoleic acid (LA, 18:2n-6)
are essential fatty acids (EFAs) from the omega-3 and omega-6
series, respectively, and they play an important role in the
biological membranes function (Sarsilmaz, 2003). LNA, eicosapen-
taenoic acid (EPA, 20:5n-3), docosahexaenoic acid (DHA, 22:6n-3),
and docosapentaenoic acid (DPA; 22:5n-3) are the most important
ω-3 EFAs. They are abundantly found in fish oil (EPA and DHA) and
in smaller amounts in vegetable oils (LNA and LA).

LNA can be converted to long-chain polyunsaturated fatty acids
such as DHA and EPA, whereas LA can be converted to arachidonic
acid (AA). Of particular nutritional importance, the human intake of
these EFAs reflects the composition of neuronal cell membrane
phospholipids (Haag, 2003; Yehuda et al., 2005) and modulates the
brain physiological functions by modifying cell permeability, synaptic
membrane fluidity (Jump, 2002), the number and affinity of receptors,
as well as the activity of neurotransmitter systems (Yehuda et al.,
2005), such as dopamine (DA) (Wainwright, 2002). In this sense, ω-3
FA supplementation can be considered as important in view of its
scarcity in diets containing high levels of ω-6 (Simopoulos, 1999).

Preclinical and clinical studies have indicated that low intake ofω-3
FA may be associated with the pathophysiology of neurological and
psychiatric disorders, including depression (Borsonelo et al., 2007),
hyperactivity, schizophrenia and bipolar disorder (BD) (Cott, 1999;
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Hamazaki et al., 2009). Of potential importance for BD, phosphatidy-
linositol associated secondmessenger activity can be suppressed byω-3
supplementation, indicating a molecular mechanism similar to that of
lithium and valproate (Kinsella, 1990), two current drugs for BD
treatments. BD affects about 1% of the world population (Belmaker,
2004), however its pathophysiology remains unknown. Clinically, BD
management is complex and can be accomplished by pharmacological
agents approved for the treatment of others mental disorders, such as
antipsychotics and anticonvulsants (Gould et al., 2004).

Despite difficulties (Gould and Einat, 2007), the development of
animal models has been an important tool for investigating factors
that can be involved in BD (Einat et al., 2003), as well as new
therapeutic perspectives for BD treatment (Lamberty et al., 2001).

The clinical diagnosis of BD includes manic symptoms, such as
elation, irritability and hyperactivity. Therefore, psychostimulant-
induced hyperactivity (McCormick and Ibrahim, 2007) is one of the
most accepted animal models of mania and has been widely used for
explaining the putative mechanisms involved in BD (Frey et al. 2006a,
b; Lamberty et al., 2001; Machado-Vieira et al., 2004).

Amphetamine (AMPH) is a drug that increases neuronal release of
dopamine (DA) and inhibits DA vesicular uptake (Brown et al., 2000)
inducing manic symptoms in normal human volunteers and in BD
subjects (Anand et al., 2000). That exacerbation of dopaminergic
transmission can result in dopamine autoxidation and its monoamine
oxidation deamination, increasing ROS production (Graham et al.,
1978), which can be hazardous to cells and tissues. In fact, imaging
studies of the human brain showed that AMPH can induce DA release in
the striatum and reduce striatal DA transporter density (McCann et al.,
1998), acting favorably to reactive oxygen species (ROS) generation.

Oxidative stress may be associated with an inhibition of the
mitochondrial electron transport chain (Berman and Hastings, 1999),
which can lead to cellular dysfunction. In this sense, it has been
demonstrated that ROS generation plays a critical role in the
pathophysiology of several neuropsychiatric disorders, particularly BD
(Steckert et al., 2010).

So far, there are no comparative studies on the influence of the
different dietary fatty acids on the development of neural disorders,
particularly BD. Taking into account the potential modulation of
dopamine neurotransmission by dietary FA, the objective of this study
was to investigate the influence of the different fatty acids (ω-6, trans
and ω-3 FA), found in soybean oil, hydrogenated vegetable fat and fish
oil, on behavioral andoxidative parameters in an animalmodel ofmania.

2. Materials and methods

2.1. Animals

A trial was conducted with 64 male Wistar rats weighing 30–40 g
at the beginning of the study. Groups of four animals were kept in
Plexiglas cages with free access to food and water in a room with
controlled temperature (23 °C±1 °C) and on a 12 h-light/dark cycle
with lights on at 7:00 a.m. The number of animals used was kept to a
minimum, just enough to obtain relevant results, and they were
maintained and used in accordance with the guidelines of the
Brazilian Association for Laboratory Animal Science (COBEA), follow-
ing international norms of care and animal maintenance.

2.2. Drugs and solutions

DL-amphetamine (Merck, Germany) was dissolved in saline
solution (4 mg/mL), which was the vehicle.

2.3. Experimental design

The 21-day-old rats were divided into four groups (n=16),
namely: control (C), 0.1% soybean oil (SO), 0.1% hydrogenated
vegetable fat (HVF) and 0.1% fish oil (FO). SO, HVF and FO were
incorporated to tap water as a homogenous 1% Tween suspension
(Barcelos et al., 2009), which was prepared daily and offered to the
rats in place of drinking water in dark bottles. The control group
received only the vehicle (water). The consumption of FO, HVF and SO
was monitored daily and no differences between the three experi-
mental groups were observed.

After 8 weeks of ad libitum oral supplementation of FAs, half the
rats of each group (n=8) received a single daily injection of 4 mg/kg/
ip with AMPH for 7 days (Frey et al., 2006a). Two hours after the first
and last AMPH administration, locomotor activity was determined in
an open-field arena (42×42×28 cm) for five minutes (Broadhurst,
1960). Rats were then anesthetized with thiopental (50 mg/kg body
weight ip) and euthanized by exsanguinations (blood was collected
by cardiac puncture in heparinized tubes), and plasma obtained by
centrifugation at 1310 G, 15 min for vitamin C. The brains were put on
ice and cut coronally at the caudal border of the olfactory tubercle. The
cortex and striatum were used for biochemical assays.
2.4. Fatty acids composition

Soybean oil, fish oil and hydrogenated vegetable fat were
submitted to saponification in methanolic KOH solution and es-
terification in methanolic H2SO4 solution (Hartman and Lago, 1973).
Methylated fatty acids were analyzed using an Agilent Technologies
gas chromatograph (HP 6890) equipped with a Supelco SP-2560
capillary column (100 m×0.25 mm×0.20 μm) and flame ionization
detector. The temperature of the injector port was set at 250 °C and
the carrier gas was nitrogen (1.1 ml/min). After injection (1 μL,
split ratio 50:1), the oven temperature was kept at 140 °C for 5 min
and then raised to 240 °C at 4 °C/min and kept at this temperature
for 12 min. Standard fatty acid methyl esters (Sigma, Saint Louis,
USA) were subjected to the same conditions and the following
retention times were used to identify the fatty acids. Results
were expressed as percentage of total area of the identified fatty
acids.
2.5. Measurement of carbonyl protein content

To determine protein carbonyl levels, striatal and cortical tissues
were homogenized in 10 volumes (w/v) of 10 mM Tris–Hcl buffer, pH
7.4 and measured by the method described by Yan et al., 1995, with
somemodifications. Aliquots of 1 mL of homogenates were mixedwith
0.2 mL of 2,4-dinitrophenylhydrazine (10 mMDNPH). After incubation
at room temperature for 1 h in the dark, 0.5 mL of denaturing buffer
(150 mM sodium phosphate buffer, pH 6.8, containing 3% SDS), 2 mL of
heptane (99.5%) and 2 mL of ethanol (99.8%) were added sequentially
and mixed with vortex agitation for 40 s and centrifuged for 15 min.
After that, theprotein isolated fromthe interfacewaswashed twicewith
1 mL of ethyl acetate/ethanol 1:1 (v/v) and suspended in 1 mL of
denaturing buffer. Each sample was measured at 370 nm against the
corresponding HCL sample (blank), and total carbonylation calculated
using a molar extinction coefficient of 22,000 M−1 cm−1 according to
Levine et al., 1990.
2.6. Plasmatic vitamin C determination

Plasma vitamin C (VIT C)was estimated as described by Galley et al.,
1996 with somemodifications (Jacques-Silva et al., 2001). This method
produces an orange chromogen reacting with dinitrophenylhydrazine
(DNPH) at 37 °C, measured spectrophotometrically at 520 nm. A
standard curve using ascorbic acid was used to calculate the content
of VIT C and expressed as μg VIT C/mL plasma.



Fig. 1. Spontaneous locomotor activity and the behavioral responsiveness to
amphetamine, in open-field (number of crossing responses) of rats supplemented
with different diets (control-C, soybean oil-SO, hydrogenated vegetable fat-HVF or fish
oil-FO) for 8 weeks (n=8). Behavioral evaluation was carried out 2 h after the last
injection of seven daily injections of dl-amphetamine (4 mg/kg/mL-ip). Data are
expressed as mean±S.E.M. bDifferent from HVF within the same treatment (Pb0.05);
*Different from vehicle within the same supplementation (Pb0.001).
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2.7. Slices viability

The MTT assay is a mean of measuring the activity of living cells by
assessing the activity of mitochondrial dehydrogenases. The viability
of cortex and striatum slices was quantified by measuring the
reduction of [3-(4,5-dimethyllthiazol-2-yl)-2,5-diphenyltetrazolium
bromide]-MTT to a dark violet formazan product by mitochondrial
dehydrogenases (Mosmann, 1983). Slices (0.4 mm) of the brain areas
of rats fed with the various FA supplementations and repeated
treatment with vehicle or AMPH were prepared with a Mcllwain
chopper. MTT reduction assays were performed in plates containing
500 μL of phosphate buffer saline, and the reaction was started by
adding MTT to a final concentration of 0.1 mg/mL. After 1 h of
incubation at 37 °C, themediumwas removed and the slices dissolved
in dimethylsulfoxide (DMSO). The MTT reduction was measured
spectrophotometrically by the difference in absorbance between 570
and 630 nm. Data were calculated as a percentage of values from
control.

2.8. Statistical analysis

All the data were analyzed by two-way ANOVA 4(control/soybean
oil/trans saturated fat/fish oil)×2 (vehicle/amphetamine) followed
by Duncan's multiple range test, when appropriate. Pb0.05 was
regarded as statistically significant.

3. Results

3.1. Composition of the oils/fats used as dietary supplement

Soybean oil was used as a source of ω-6 fatty acids, hydrogenated
vegetable fat as a source of trans fatty acids, and fish oil as a source of
ω-3 fatty acids. The soybean oil used had a high content of ω-6 PUFA
(about 50%), a low content of ω-3 PUFA, and a very low content of
trans fatty acids. The hydrogenated vegetable fat used had about 20%
trans fatty acids, 18% ω-6 PUFA and 0.5% ω-3 PUFA. The fish oil used
had about 27% ω-3 PUFA, 1.7% ω-6 PUFA and undetectable levels of
trans fatty acids (Table 1).

3.2. Locomotor activity

Two-way ANOVA revealed a significant main effect of diet
supplementation (F(3,56)=11.7; Pb0.000) and repeated AMPH
administration (F(1,56)=167.10, Pb0.000). Post-hoc comparisons
by Duncan's multiple range test indicated that HVF intake caused a
significant increase in locomotor activity in vehicle and AMPH-treated
rats as compared to the control, SO or FO groups. Duncan's multiple
range test indicated that AMPH caused a significant increase in
locomotor activity in all supplementation groups (Fig. 1).

3.3. Carbonyl proteins in striatum and cortex

Two-way ANOVA of striatal carbonyl content revealed a significant
main effect of diet supplementation (F(3,56)=33.74; Pb0.000) and a
significant main effect of repeated AMPH administration (F(1,56)=
Table 1
Fatty acid composition (% of total identified FA) of the dietary supplementation.

Soybean oil Hydrogenated vegetable fat Fish oil

Saturated 18.07 25.94 46.10
Monounsaturated (cis) 26.03 43.35 25.31
Trans 0.15 19.79 n.d.
PUFAs n-6 (cis) 50.25 17.89 1.70
PUFAs n-3 (cis) 5.48 0.48 26.87

PUFA: polyunsaturated fatty acids. n.d.: not detected.
4.70, Pb0.05). Post-hoc comparisons by Duncan's multiple range test
indicated that striatal protein carbonyl levelswere higher in control and
HVF than in SO and FO vehicle treated groups. After repeated
administration of AMPH,HVF consumption caused a significant increase
in striatal carbonyl levels as compared to the other groups. AMPH
administration tended to increase carbonyl levels in all supplementary
treatments; however, the increase was significant only for the AMPH
group supplemented with HVF when compared to the vehicle HVF
group (Fig. 2A).

Two-way ANOVA of cortical carbonyl levels revealed a significant
main effect of supplementation (F(3,56)=14.04; Pb0.000) and
significantmain effect of AMPH (F(1,56)=8.16, Pb0.05) and significant
diets X AMPH interaction (F(3,56)=3.23; Pb0.05). Post-hoc compar-
isons by Duncan's multiple range test indicated that ingestion of HVF
caused an increase in carbonyl levels when compared to control and FO
groups in vehicle treatedgroups. InAMPH-treated rats, cortical carbonyl
levels were higher in the HVF-fed group than in the other groups. Post-
hoc comparison also indicated that AMPH increased carbonyl levels in
the control and HVF groups as compared to their respective vehicle
groups (Fig. 2B).

3.4. Vitamin C plasmatic levels

Two-way ANOVA of plasmatic vitamin C showed only a significant
main effect of repeated AMPH administration (F(1,56)=17.61;
Pb0.001). In fact, AMPH treatment decreased vitamin C levels in all
dietary groups, except for the FO group (Fig. 3).

3.6. Mitochondrial dehydrogenases activity (MTT assay) in slices of brain
tissues

Two-way ANOVA ofMTT reduction by cortical brain slices revealed
a significant main effect of supplementation (F(3,56)=23.2;
Pb0.000), of AMPH administration (F(1,56)=514.2, Pb0.000) and a
significant diet X AMPH interaction (F(3,56)=17.85; Pb0.000). In
vehicle-treated rats, MTT reduction was impaired in HVF-fed rats
when compared to the other groups. Furthermore, MTT reductionwas
lower in cortical slices from SO than in slices from the control and FO
groups. In AMPH-treated rats, MTT reduction was lower in the control
and HVF-fed rats when compared to the FO group. Repeated
administration of AMPH caused a marked decrease in cortical slices
viability in all supplemented groups. Two-way ANOVA of MTT
reduction by striatal brain slices revealed a significant main effect of



Fig. 2. Accumulation of protein carbonyl in striatum (A) and cortex (B) of rats supplemented with different diets (control-C, soybean oil-SO, hydrogenated vegetable fat-HVF or fish
oil-FO) for 8 weeks (n=8) and treated with seven daily injections of dl-AMPH (4 mg/kg/mL-ip). Data are expressed as mean±S.E.M. The lowercase letters show significant
differences between the diets within the same treatment; Asterisk shows significant difference between treatments within the same supplementation. aDifferent from control within
the same treatment (Pb0.05). bDifferent from HVF (Pb0.05). *Different from vehicle (Pb0.001).
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diet (F(3,56)=21.2; Pb0.000), of AMPH treatment (F(1,56)=442.5,
Pb0.000) and a significant supplementation X AMPH interaction (F
(3,56)=40.0; Pb0.000). In vehicle-treated groups, post-hoc compar-
isons indicated that MTT reduction decreased in HVF and SO groups
when compared to the control and FO groups. In AMPH-treated rats,
MTT reduction in all supplementation groups was lower than in
vehicle-treated groups. Furthermore, MTT reduction was decreased in
the control and HVF groups when compared to the FO and SO groups
(Table 2).

4. Discussion

In the present study we showed that HVF supplementation caused
an increase of about 2 times in the locomotor activity, while SO and FO
Fig. 3. Plasmatic vitamin C levels of rats supplemented with different diets (control-C,
soybean oil-SO, hydrogenated vegetable fat-HVF or fish oil-FO) for 8 weeks (n=8) and
treated with seven daily injections of dl-AMPH (4 mg/kg/mL-ip). Data are expressed as
mean±S.E.M. aDifferent from control within the same treatment (Pb0.05). bDifferent
from HVF within the same treatment (Pb0.05). *Different from vehicle within the same
supplementation (Pb0.001).
supplementation did not affect this behavioral parameter. Similarly,
AMPH administration caused a 5.5-fold increase in crossings of HVF-
treated rats against 3.9- and 3.71-fold increases in the rats supplemen-
ted with SO and FO, respectively. Different studies have indicated the
beneficial effects of the ω-3 FA supplementation on BD symptoms
(Turnbull et al., 2008; Marangell et al., 2006; Stoll et al., 1999). Here we
are showing for the first time that HVF supplementation increased the
locomotor activity in vehicle- and amphetamine-treated rats, which
may indicate a greater susceptibility of HVF-fed animals to develop
manic-like symptoms. AMPH increases the brain levels of dopamine,
facilitating its auto-oxidation and dopamine quinones generation. In
agreementwith this, LaVoie &Hastings, 1999 demonstrated an increase
in the binding of dopamine-quinones to cysteine residues on proteins
following methamphetamine administration, which can impair the
function of proteins. A recent animal study demonstrated that repeated
AMPH administration increased protein carbonyl formation in rat brain,
leading to the notion that repeated manic episodes may be associated
withbrainoxidative damage (Frey et al., 2006a, b).Here, itwasobserved
an increase in protein carbonyl content in the cortex of rats
supplemented with HVF, whereas carbonyl levels were similar in the
Table 2
Ex-vivo brain slices viability in cortex (A) and striatum (B) of rats supplemented with
different diets (control-C, soybean oil-SO, hydrogenated vegetable fat-HVF or fish oil-
FO) for 8 weeks (n=8). Experiments were performed after seven daily injections of dl-
amphetamine (4 mg/kg/mL-ip). The lowercase letters show significant differences
between the diets within the same treatment; asterisk shows significant differences
between the different treatments within the same supplementation.

Striatum Córtex

Vehicle AMPH Vehicle AMPH

C 100 40.7±2.2⁎ 100 55±2.0⁎

SO 84.8±3.9a,b,c 62.3±2.6a,b,⁎ 85.3±4.0a,b,c 59±0.8⁎

HVF 68.2±3.0a 53.7±1.8a,⁎ 73.4±2.9a 55.7±1.4⁎

FO 93±0.9b 61.7±0.7a,b,⁎ 95.7±0.6b 63±0.9 a,b,⁎

a Different from C, (Pb0.05).
b Different from HVF (Pb0.001).
c Different from FO (Pb0.05).
⁎ Different from vehicle (Pb0.001).

image of Fig.�2
image of Fig.�3
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control, SO and FO groups. Repeated administration of AMPH increased
carbonyl levels in striatum and cortex of HVF-supplemented animals. Of
particular significance, FO supplementation tended to be associated
with lower levels of protein carbonylation when compared to control
and HVF-supplemented groups. This was particularly evident in
striatum. The consumption of SO was found to decrease the striatal
protein carbonylation levels.

In addition, FO supplementation shows some beneficial effects.
In fact, it is plausible to suppose that the ω-3 fatty acids present in
FO prevented the amphetamine-induced depletion of plasma VIT C
levels, in contrast, fatty acids found in soybean oil and hydrogenated
vegetable fat failed to do so. Taken together, the increase in protein
carbonylation in rats supplemented with HVF indicates that trans
fatty acids can increase cerebral susceptibility to oxidative damage,
which can contribute to neuronal injury. Although the exact
mechanism of AMPH-induced neurotoxicity is unknown, the in-
volvement of oxidative stress has been strongly suggested (Brown
and Yamamoto, 2003). In addition to induce dopamine accumulation
in the extracellular medium, AMPH also increases the release of
striatal glutamate (Stephans and Yamamoto, 1994). Glutamate
triggers a cascade of events, starting with an increase in calcium
influx (Tarazi and Baldessarini, 1999) that stimulates ROS production
(here determined by an enhanced protein carbonylation) and
impairs the mitochondrial function (here determined by a marked
inhibition of MTT reduction by striatal and cortical slices).Of
particular importance, we have observed that FO intake could
partially counteract the neurotoxic effects caused by AMPH. Soy
bean oil had a modest protective effect, whereas HVF generally
exacerbated the neurotoxicity of AMPH, which reinforces the
neuroprotective, antioxidant and anti-inflammatory effects of FO
(Innis 2008; Farooqui et al., 2007).

In the literature, the biological effects and safety of trans fatty acids
consumption are controversial (Wandall, 2008). In this sense, all the
observations related to the consumption of trans fatty acids become
very important, because they are consumed in rather large amounts in
industrialized countries (2–8 g/day), corresponding to about 2.5% of
the total energy (Allison et al., 1999). In this sense, omega-3 fatty
acids supplementation becomes especially important because the
majority of diets contain a great quantity of ω-6 and insufficient ω-3
fatty acids (Simopoulos, 1999). In fact, DHA is the precursor of
neuroprotectin D1, a potent neuroprotective mediator which attenu-
ates apoptotic processes by OS (Bazan, 2006, 2007).

In conclusion, this study suggests that the predominance of trans
fatty acids in the diet may be associated with spontaneous or
amphetamine-induced hyperactivity, which can indicate behavioral
abnormalities linked with manic symptoms, found in psychiatric
disorders. Consequently, further detailed investigations are urgently
needed to establish the nutritional safety of trans fatty acids in
humans. Furthermore, in view of the putative predictability of AMPH-
induced hyperactivity as a model of mania, it becomes important to
conduct a large epidemiological study to determine a possible link
between trans fatty acid consumption and bipolar disorders in
industrialized societies.
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