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Omega-3 fatty acids revert high-fat diet-induced
neuroinflammation but not recognition memory
impairment in rats
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Abstract Neuroinflammation is a consequence of overeating
and may predispose to the development of cognitive decline
and neurological disorders. This study aimed to evaluate the
impact of omega-3 supplementation on memory and
neuroinflammatory markers in rats fed a high-fat diet. Male
Wistar rats were divided into four groups: standard diet (SD);
standard diet + omega-3 (SD + O); high fat diet (HFD); and
high fat diet + omega-3 (HFD + O). Diet administration was
performed for 20 weeks and omega-3 supplementation started
at the 16th week. HFD significantly increased body weight,
while omega-3 supplementation did not modify the total
weight gain. However, animals from the HFD + O group
showed a lower level of visceral fat along with an improve-
ment in insulin sensitivity following HFD. Thus, our results
demonstrate a beneficial metabolic role of omega-3 following
HFD. On the other hand, HFD animals presented an

impairment in object recognition memory, which was not re-
covered by omega-3. In addition, there was an increase in
GFAP-positive cells in the cerebral cortex of the HFD group,
showing that omega-3 supplementation can be effective to
decrease astrogliosis. However, no differences in GFAP num-
ber of cells were found in the hippocampus. We also demon-
strated a significant increase in gene expression of pro-
inflammatory cytokines IL-6 and TNF-α in cerebral cortex
of the HFD group, reinforcing the anti-inflammatory role of
this family of fatty acids. In summary, omega-3 supplementa-
tion was not sufficient to reverse the memory deficit caused by
HFD, although it played an important role in reducing the
neuroinflammatory profile. Therefore, omega-3 fatty acids
may play an important role in the central nervous system,
preventing the progression of neuroinflammation in obesity.
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Introduction

The prevalence of obesity has increased over the last decades,
making it a major public health problem worldwide. An im-
balance between energy intake and energy expenditure leads
to the overproduction of body fat, which may cause various
metabolic disorders (Hossain et al. 2007; Mello et al. 2006).
The association between this excess of body fat and cardio-
vascular diseases (Aghamohammadzadeh and Heagerty 2012;
Kenchaiah et al. 2004; Lotufo 2000), some types of cancers
(Demark-Wahnefried et al. 2012) and type II diabetes mellitus
is well known (Wannamethee and Shaper 1999). Besides
these classical comorbidities, there is paramount evidence of
the relationship between obesity and neurological
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dysfunction, including neuropsychiatric and neurodegenera-
tive diseases (Calsolaro and Edison 2016; Morales et al.
2014).

An important feature of obesity is the chronic low-grade
inflammation that occurs in metabolic tissues, especially in
adipose t issue . This inf lammatory s ta te , named
metainflammation, is the main cause of the maladaptative re-
sponses to obesity. The increased secretion of pro-
inflammatory cytokines by adipose tissue, such as tumor ne-
crosis factor-alpha (TNF-α), interleukin 6 (IL-6) and
interleukin-1β (IL-1β), can inhibit insulin signaling (Bulló
et al. 2007; Maury and Brichard 2010; Shah et al. 2008).
Hence, the pro-inflammatory phenotype is associated with
insulin resistance, and together, these features promote a wide-
spread repercussion on the body systems. On the other hand, it
has already been demonstrated that a reduction in body weight
leads to the increased expression of anti-inflammatory
adipokines concomitant with a decrease in insulin resistance
and in the levels of pro-inflammatory cytokines (Shah et al.
2008). Thus, strategies to contribute to weight loss are highly
beneficial.

Previous studies have shown that, in obesity, inflammation
in the hypothalamus may contribute to the inappropriate reg-
ulation of energy metabolism (van de Sande-Lee and Velloso
2012). However, this pro-inflammatory activity is not limited
to the hypothalamus, being propagated to other brain regions
and affecting a variety of brain functions (Gregor and
Hotamisligil 2011). In addition, obesity can increase suscep-
tibility to the development of neurodegenerative diseases, and
neuroinflammation is a potential causal factor of the dysregu-
lation in the central nervous system (CNS) caused by overeat-
ing. It was shown that a high fat diet can lead to the excessive
production of IL-6 by activated microglia and also cause the
subsequent activation of astrocytes due to the stimulation of
pro-inflammatory cytokines (Tapia-González et al. 2011).
These neuroinflammatory responses are harmful, since these
mechanisms are associated with neuropathological processes
and neurodegeneration (Ransohoff et al. 2015). The long-term
inflammation could have disastrous consequences in the CNS,
such as the loss of synapses, affecting cognition and executive
functions (Hein and O'Banion 2009; Kohman and Rhodes
2013). Throughout life, there is a natural decline in cognitive
functions; however, some environmental factors, such as obe-
sity, may accelerate this decline (Haan andWallace 2004). The
activation of inflammatory pathways may contribute to an
impairment in learning and memory, which may be related
to obesity, although the mechanisms by which this occurs
are still poorly understood (Hwang et al. 2010; Pistell et al.
2010).

Polyunsaturated fatty acids (PUFAs) from the omega-3
family are well known to suppress neuroinflammation and
reduce oxidative stress. These PUFAs have an anti-
inflammatory action, reducing the synthesis of arachidonic

acid derivatives (Bazan et al. 2012). Furthermore, in the
CNS, they influence enzymatic activity, cell signaling, synap-
tic plasticity, and neurotransmitter release, and modulate cy-
tokines that have neuromodulatory activity (Högyes et al.
2003). It has been suggested that the consumption of unsatu-
rated fatty acids (UFAs) can positively affect spatial learning
and memory and also decrease the negative effects of physio-
logical stress on cognitive skills (Nemeth et al. 2015).

Despite the important action of omega-3 PUFAs as anti-
inflammatory molecules and their role as neuroprotective
compounds, previous studies have not evaluated whether
omega-3 supplementation could reverse any outcome of a
high-fat diet (HFD). The present study aimed to evaluate the
impact of omega-3 on metabolic parameters (weigh gain, vis-
ceral adiposity, and insulin resistance), memory and
neuroinflammatory markers following diet-induced obesity
in rats.

Materials and methods

Animals

Male Wistar rats (n = 40) from the animal facility of the
Universidade Federal de Ciências da Saúde de Porto Alegre
were used. Animals had free access to standard rat chow and
water until the age of 7 months. Rats were housed in plastic
cages (2–3 rats per cage) under controlled temperature (22-
24 °C) and light (12 h light/12 h dark cycle; lights on at
6:00 a.m.) conditions.

All efforts were made to minimize animal suffering and to
reduce the number of animals used in the experiments, which
were performed in accordance with the international laws for
the care of laboratory animals. All procedures were approved
by the Institutional Animal Care and Use Committee
(UFCSPA, Brazil, protocol No. 261/14).

Diet and omega-3 administration

Seven month-old rats were divided into the following exper-
imental groups: standard diet + vehicle (SD, n = 11); standard
diet + omega-3 (SD + O, n = 8); high fat diet (HFD, n = 12) +
vehicle; and high fat diet + omega-3 (HFD + O, n = 9). SD or
HFD was administered for 20 weeks. Omega-3 supplementa-
tion was performed from the 16th to the 20th week of diet
administration. Omega-3 was administered daily through ga-
vage at a dose of 1 g/kg.

SD and SD + O groups were fed with Nuvilab® CR-1
standard rat chow (NUVITAL®, Curitiba, PR, Brazil) provid-
ing a total energy content of 3.4 kcal/g (63% carbohydrates,
26% protein, 11% fat). Animals from HFD and HFD + O
groups were fed a high fat diet (Pragsoluções Biociências,
Jaú, SP, Brazil) providing a total energy of 4.5 kcal/g
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(35.7% carbohydrate, 19.2% protein, 45.1% fat). Nutritional
information was provided by manufacturers.

Object recognition test

In the last week of the diet administration, animals were sub-
mitted to the object recognition test. On the first day, rats were
habituated in an acrylic box (40 cm × 40 cm) delimited by four
walls with a height of 20 cm. Twenty-four hours after habitu-
ation, the training session was conducted. Animals were
placed individually in the left rear quadrant of the box con-
taining two different objects (A and B), and were allowed to
freely explore them for 5 min. The retention test was per-
formed 24 h after the training session. For the test, rats were
individually reintroduced into the box where one of the ob-
jects presented during training was randomly replaced by a
new object (C). Exploration of an object was defined as
directing the nose towards the object at a distance less than
2 cm and/or when the animal touched the object with their
nose (Ennaceur and Delacour 1988). The exploration time of
the familiar and new objects were counted.

Tissue and blood collection

At the end of experimental time course, animals were decap-
itated for blood and tissue collection. Trunk blood was col-
lected and, after centrifugation (1500 x g for 10 min at 4 °C),
serum was separated and stored at −80 °C for later analysis.
The brain was quickly removed and the right and left hemi-
spheres were separated. The right hemisphere was put in a
fixative solution for histological analyses. The cerebral cortex
was dissected from the left hemisphere and quickly frozen in
liquid nitrogen, as previously described in de Moura et al.
(2015).

Blood analysis

Serum levels of glucose were analyzed using colorimetric kits
(LabTest), according to the manufacturer’s instructions. An
enzyme-linked immunosorbent assay (ELISA) commercial
kit (Millipore) was used to analyze serum levels of insulin
according to the manufacturer’s instructions.

HOMA index

The HOMA (homeostasis model assessment) index was used
in order to quantify insulin resistance and beta cell function in
the pancreas (Matthews et al. 1985). The index is calculated
based on blood levels of glucose (mmol/L) and insulin (mU/
L), using the following formula: (glucose blood levels x insu-
lin blood levels) / 22.5 (Nattiv et al. 2007).

Immunohistochemical staining (IHC)

For immunohistochemistry, the left hemisphere of the brain
was fixed in a zinc buffer solution (pH 7.4) for 48 h at room
temperature. After this period, tissues were dehydrated, em-
bedded in paraffin and sectioned (8 μm thick) using a micro-
tome. Sections were treated with 3% hydrogen peroxide in
10% methanol for 30 min, washed in PBS for 30 min and
incubated for 30 min in 3% normal goat serum in PBS con-
taining 0.4% Triton X-100 (PBS-T). Then, sections were in-
cubated for 48 h at 4 °C with a monoclonal anti-GFAP anti-
body (Millipore), diluted 1:750. Sections were incubated with
anti-mouse IgG peroxidase-conjugated secondary antibody
(Sigma), diluted 1:500 in PBS-T, for 90 min at room temper-
ature. Immunoreaction was developed using a solution of
0.06% 3,3′-diaminobenzidine tetrahydrochloride (Sigma)
and 0.005% hydrogen peroxide in PBS. Sections were coun-
terstained with hematoxylin, dehydrated, and covered with
Entellan (Merck) and coverslips. Digital images were ac-
quired using a digital camera coupled to an Olympus BX-41
microscope using a 20× objective lens. The images were an-
alyzed using ImageJ software (http://imagej.nih.gov/ij/).
Three randomly selected fields were analyzed in six
nonadjacent sections. Five animals per group were analyzed.

Molecular analyses

RNA extraction

RNAwas extracted from the samples with Trizol (Invitrogen)
which was used according to the manufacturer’s recommen-
dations. The structures of the brain were homogenized in the
presence of Trizol (1:5, v/v); aqueous phase was obtained by
centrifugation (12,000 x g, 15 min). The RNAwas precipitat-
ed with isopropanol, for 15min at room temperature, followed
by centrifugation at 12000 x g for 10 min. The pellets were
resuspended in 0.1% DEPC-treated water. The concentration
of total RNAwas determined by measuring the optical density
at 260 nm and purity of the RNAwas evaluated on the basis of
the 280 nm/260 nm ratio and electrophoresis on agarose gel
(Langnaese et al. 2008).

cDNA synthesis

Total RNA (1μg) was used as a template to synthesize cDNA.
The RNA was incubated for 5 min at 60 °C with 1 μl oligo
(dT) (0.5 μg/μl, Invitrogen), 1 μl 10 mM dNTP and DEPC-
water to a final volume of 12μl, and then for 1 min on ice. The
following reagents were then added to a final volume of 19μl:
4 μl of RT buffer (50 mM Tris-HCl, pH 8.3, 75 mM KCl,
3 mM MgCl2), 2 μl 0.1 M DTT, and 1 μl RNaseOUT (40 U/
μl, Invitrogen). After 2 min incubation at 37 °C, 1 μl M-MLV-
RT (200 U/μl; Invitrogen) was added and cDNA synthesis

Metab Brain Dis (2017) 32:1871–1881 1873

http://imagej.nih.gov/ij/


was carried out at 50 °C for 1 h. The reaction was inactivated
by incubation at 70 °C for 15 min.

Real-time PCR (qPCR)

The expression of TNF-α, IL-6 and IL-10 was assessed. The
housekeeping genes beta-actin (ActB) and Cyclophilin A
(CypA), which have been shown to be stable in each brain
area, were used as controls. Primer sequences are presented in
Table 1. Amplification was carried out using 7.5 μL of SYBR
Green PCR Master Mix (Applied Biosystems), 0.5 μL of for-
ward and reverse primers (0.33 M each), 100 ng of cDNA and
nuclease-free water, in a total volume of 15 μL. Reactions
were performed in an optical 96-well plate, using a
StepOnePlusTM thermocycler (Applied Biosystems). After
an initial denaturation step at 95 °C for 10 min, amplification
was performed in 40 cycles of denaturation at 95 °C for 30 s,
annealing at 60 °C for 40 s and extension at 72 °C for 40 s.
Amplification was followed by a melt curve analysis to con-
firm PCR product specificity. No signals were detected in the
no-template controls. The experimental Ct (cycle threshold)
was calculated using the algorithm enhancements provided by
the equipment. All samples were run in duplicate and the
mean value of each duplicate was used for all further calcula-
tions (Cook et al. 2010; Langnaese et al. 2008; Nelissen et al.
2010). The Ct value of each reaction was used to calculate the
level of mRNA expression of each specific gene, after nor-
malizing it to the expression of the control housekeeping gene
(HKG) genes analyzed in the same reaction plate
(Zimmermann-Peruzatto et al. 2016).

Statistical analyses

The data are expressed as mean ± SEM, except for weight
gain, which was expressed as median and interquartile range.
Data were analyzed by two-way ANOVA with Bonferroni
post-hoc. Treatment and diet were used as factors for all
ANOVA analyses, except for the object recognition test, in
which experimental group and object (familiar and new) were
used as factors. GraphPad Prism 5.0 was used for the statisti-
cal analyses. The significance level was set at p < 0.05.

Results

Animals fed a HFD gained significantly more weight
over time than the animals fed a standard diet (diet
effect, F1,36 = 24.82, p < 0.0001). Omega-3 treatment
(HFD + O group) did not revert this parameter and
Bonferroni post-hoc showed that weight gain in the
HFD + O group was not significantly lower than in
the HFD group (p > 0.05). However, when visceral
adiposity was evaluated, HFD caused a significant in-
crease in visceral fat compared to standard diet
(F1,36 = 12.49, p = 0.001). Post-hoc analysis showed
that omega-3 supplementation is able to prevent visceral
adiposity in obese rats (p < 0.05). Glycemia and plasma
insulin did not show any differences between groups
(p > 0.05). Also, HOMA-IR, which provides an estima-
tion of insulin resistance, did not show a diet effect as
analyzed by two-way ANOVA (F1 ,36 = 3.178,
p > 0.05). However, post-hoc comparison between
HFD and HFD + O showed a significant decrease in
HOMA-IR after omega-3 supplementation (p < 0.05).
This result proves that omega-3 PUFA improves insulin
sensitivity in obesity (Table 2).

In order to assess whether HFD-induced obesity can inter-
fere in animal recognition memory, object recognition test was
performed. This task evaluates long-term memory through the
ability to memorize and recognize both new and already
known objects, 24 h after the training session (Caletti et al.
2015; Rossato et al. 2007). When comparing the total explo-
ration time during the test session, there were no differences
between groups (p > 0.05, Fig. 1A). However, when compar-
ing the time exploring the familiar or new objects during the
test session, a significant effect of object (familiar versus new)
was found (F1,42 = 4.932, p = 0.03). In the SD and SD + O
groups, animals spent significantly more time exploring the
new object during the test session (p < 0.05), whichmeans that
these rats recognized familiar and non-familiar objects. On the
other hand, Bonferroni post-hoc showed that animals fed a
HFD did not exhibit differences in the exploration time be-
tween familiar and new objects (p > 0.05) showing that obe-
sity causes long-term memory impairment. These results also
demonstrate that omega-3 did not exert a protective effect on

Table 1 Primer sequences used
in the study Gene Primer F Primer R

TNF-α 5′ TGGCGTGTTCATCCGTTCTCTACC3’ 5′ CCCGCAATCCAGGCCACTACTT3’

IL-6 5′ GACCAAGACCAT CCAACTCATC3’ 5′ GCTTAGGCATAGCACACTAGG3’

IL-10 5′ AATTCCCTGGGTGAGAAGCTG3’ 5’TCATGGCCTTGTAGACACCTTG3’

CypA 5’TATCTGCACTGCCAAGACTGAGTG3’ 5′ CTTCTTGCTGGTCTTGCCATTCC3’

ActB 5’TATGCCAACACAGTGCTGTCTGG3’ 5′ TACTCCTGCTTGCTGATCCACAT3’

Abbreviations: TNF-α tumor necrosis factor alpha, IL-6 interleukin-6, IL-10 interleukin-10, CypA cyclophilin A,
ActB beta-actin
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the recognition memory (Fig.1B). We also analyzed the motor
activity of the rats and found no differences between groups
regarding the duration of locomotion (data not shown).

GFAP was assessed by immunohistochemistry in order to
determine the HFD effect on astrogliosis. GFAP is an astrocyte
marker and GFAP labeling is widely used for the detection of
tumors of astrocytic lineage (Liedtke et al. 1996), being the
most widely used immunohistochemical marker for the identi-
fication of astrocytes (Catalani et al. 2002). Astrogliosis is rep-
resented by an increased number of GFAP-positive cells, which
is found after several types of injury and it also indicates astro-
cytic activation and neuroinflammation (Kang et al. 2014; Sun
et al. 2008; Toklu et al. 2017).

There was an increase in the number of GFAP-positive
cells in the cerebral cortex, which is dependent on diet, show-
ing that obesity leads to astrogliosis (F1,60 = 9.369, p = 0.003)
(Fig. 2). Omega-3 treatment decreased the number of GFAP-
positive cells (treatment effect, F1,60 = 8.550, p = 0.004) and
Bonferroni post-hoc also showed that the number of positive
cells in the HFD + O group was significantly lower than in the
HFD group, which indicates that omega-3 may exert a protec-
tive role in the cerebral cortex by diminishing the activation
state of astrocytes. Interestingly, there was no significant dif-
ference between groups in the number of GFAP-positive cell
in the hippocampus (p > 0.05, Fig. 3).

The gene expression of the neuroinflammatory markers
TNF-α, IL-6 and IL-10 was also determined in the cerebral
cortex. We found a significant increase of the pro-
inflammatory cytokines TNF-α (diet effect, F1,29 = 5.844,
p = 0.02; treatment effect, F1,29 = 10.76, p = 0.002) and IL-6
(treatment effect, F1,21 = 4.794, p = 0.04) gene expression in
the HFD group. Moreover, HFD + O rats exhibited a reduced
level of TNF-α and IL-6 compared to HFD rats, dem-
onstrating that omega-3 may control obesity-induced
neuroinflammation. The anti-inflammatory cytokine IL-
10 did not show differences in gene expression between
groups (p > 0.05, Fig. 4).

Discussion

In the present study, we showed that omega-3 supplementa-
tion is able to reverse insulin resistance and the increase in
visceral adiposity caused by HFD. It is well known that in-
creased visceral fat is a causal factor of metabolic syndrome
(Després and Lemieux 2006). The development of visceral
adipose tissue also contributes to a heightened secretion of
pro-inflammatorymediators, contributing to the systemic state
of inflammation found in obesity (Gregor and Hotamisligil
2011). Although we did not find any significant differences
in plasma insulin and glycemia, HOMA-IR was significantly
higher in the HFD group. Omega-3 supplementation amelio-
rates insulin sensitivity since the HFD + O group showed a
similar HOMA-IR to rats fed a standard diet. Our findings are
in agreement with previous studies that demonstrated a reduc-
tion in adiposity and an improvement in insulin sensitivity
when a high fat diet is associated with omega-3 supplementa-
tion (de Sá et al. 2016; Rokling-Andersen et al. 2009; Storlien
et al. 1987). In the present study, we showed that HFD in-
duced greater weight gain than SD, independent of omega-3
administration. LeMieux et al. (2015) also reported that
omega-3 did not interfere with total body weight in HFD-fed
mice. However, they found a reduction in adipocyte size and
adipogenesis following omega-3 supplementation (LeMieux
et al. 2015). Then, omega-3 exerts an important role in the
maintenance of metabolic tissues homeostasis.

In spite of the important metabolic repercussions of
omega-3 supplementation, we could not show any im-
provement in long-term memory related to omega-3
treatment. Our findings are in agreement with previous
studies showing memory impairment in experimental
models of obesity in rodents. Molteni et al. (2002) re-
ported spatial memory deficits in female rats 2 months
after they were fed a high saturated fat and refined
sugar diet (Molteni et al. 2002). A similar diet admin-
istered for 5 months produced deficits in spatial learning

Table 2 Effects of high fat diet and omega-3 treatment on weight gain, visceral fat depot, glycemia, plasma insulin and HOMA-IR

SD HFD Statistics

vehicle (n = 11) omega (n = 8) vehicle (n = 12) omega (n = 9) I T D

Weight gain (g) 22.0 (0.0–26.0) 2.0 (−16.5–20.0) 67.0 (38.0–89.0) 40.0 (25.0–57.0) ns ns §

Visceral fat weight (g) 3.49 ± 0.62 3.28 ± 0.53 10.77 ± 2.18* 6.39 ± 0.96 ns ns §

Glycemia (mg/dL) 129.40 ± 4.19 135.10 ± 8.08 151.10 ± 5.89 133.30 ± 6.06 ns ns ns

Plasma insulin (ng/mL) 0.19 ± 0.07 0.19 ± 0.08 0.40 ± 0.080 0.18 ± 0.036 ns ns ns

HOMA-IR 1.01 ± 0.37 1.14 ± 0.46 2.75 ± 0.61* 1.11 ± 0.21 ns ns ns

Data for weight gain is expressed as median and interquartile interval (25th–75th)

Data for other dependent variables are expressed as mean ± SEM

Statistics column refers to two-way ANOVA analysis: I, interaction; T, treatment effect; D, diet effect; §, significant effect; ns, effect not significant

*p < 0.05, HFD versus HFD + O (Bonferroni post-hoc test)
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and long-term memory evaluated in the 8-arm radial
maze in adult male rats (Ullrich et al. 2010). In our
study, 20 weeks of HFD with 45% of energy from fat
also promoted memory impairment, as shown by the
object recognition task. However, shorter HFD adminis-
tration is already known to be sufficient to induce cog-
nitive deficits, as demonstrated elsewhere. It was previ-
ously shown that four to 5 weeks of a high fat diet also
produces spatial memory deficits in young rats
(Gergerlioglu et al. 2016; Pathan et al. 2008).

In our study, omega-3 was administered for 4 weeks after
16 weeks of HFD, in order to evaluate whether the effects
caused by a HFD could be reversed by omega-3. In this case,
the results have shown that omega-3 did not exert a protective
effect on animal recognition memory. We can assume that
4 weeks of omega-3 administration was not sufficient to cause
an improvement in the recognition memory of these animals
following a HFD. It was shown that 12 weeks of administra-
tion of docosahexaenoic acid (DHA), a fatty acid from the
omega-3 family, promotes an improvement in spatial cogni-
tion (Tanabe et al. 2004). Besides, in our study, we used a
higher dosage of omega-3 for a shorter period of time. We

can speculate that a lower dose of omega-3 over a longer
period may have a more positive effect on memory. On the
other hand, Sopian et al. (2015) found an improvement in
cognitive performance after 3 weeks of fish oil supplementa-
tion, with a standard diet enriched with omega-3 PUFAs
(Sopian et al. 2015). Another reasonable explanation for our
results is that omega-3 is unable to recover the impairment in
cognitive function caused by HFD. In Alzheimer’s disease
transgenic mice, omega-3 treatment did not promote any

Fig. 2 GFAP immunoreactivity in the cerebral cortex. The number of
GFAP-positive cells was significantly higher in HFD group as shown in
the representative photomicrographs of GFAP immunoreactivity in the
cerebral cortex (left panel, lower magnification; right panel, higher
magnification). Graph shows the number of GFAP-positive cells from
two to three random fields analyzed from each of six nonadjacent
sections of the cerebral cortex. *p < 0.05 when compared with HFD +
O group. n = 5 animals for each group. Data are shown as mean ± SEM

A

B

Fig. 1 a. Total time spent exploring both objects during the object
recognition test. No significant differences were found among
experimental groups. b. Time spent exploring a familiar and a new
object during the object recognition test. In SD and SD + O groups,
animals spent more time exploring the new object during the retention
session. HFD and HFD + O groups did not show differences in the
exploration time of familiar and unfamiliar object. Omega-3 did not
exert a protective effect on recognition memory. *p < 0.05, familiar
versus new object. n = 7–8 for each group. Data are shown as
mean ± SEM
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beneficial effect on cognition, suggesting that the supplemen-
tation of these fatty acids does not protect against Alzheimer’s
disease in susceptible individuals (Arendash et al. 2007).
However, we cannot exclude their potential in the prevention
of cognitive decline. When eicosapentaenoic acid (EPA), also
from the omega-3 family, was administered prior to
amyloid-β peptide infusion, there was an improvement in
the learning ability of rats. Since the deposition of
amyloid-β peptide occurs mainly during aging, this finding
indicates that omega-3 supplementation may be a strategy to
prevent age-related cognitive decline (Hashimoto et al. 2009).

Increasing evidence demonstrates that besides cognitive
impairment, HFD can promote insulin resistance, and immune
and synaptic changes in different brain areas (Liu et al. 2015;
Petrov et al. 2015). Such alterations may promote tissue le-
sions to which the astrocytes react, elevating GFAP expres-
sion. These changes are directly related to neuroinflammation,
since astrocytes, in association with microglia, are able to
release inflammatory mediators, directly interfering with the
nervous system milieu (Theodosis et al. 2008). In our study,
we did not address microglia since their recruitment and acti-
vation in diet-induced obesity is well demonstrated in the lit-
erature (Maldonado-Ruiz et al. 2017). It was also showed that
omega-3 inhibits microglial response in neuroinflammatory
conditions (Chang et al. 2015; Kurtys et al. 2016), including
high-fat diet exposure (Oksman et al. 2006; Cintra et al. 2012;
Johnson 2015). Although there have been some studies

Fig. 3 GFAP immunoreactivity in the hippocampus. There was no
differences in the number of GFAP-positive cells among groups as
shown in the representa t ive photomicrographs of GFAP
immunoreactivity in the hippocampus (left panel, lower magnification;
right panel, higher magnification). Graph shows the number of GFAP-
positive cells from two to three random fields analyzed from each of six
nonadjacent sections of the cerebral cortex. n = 5 animals for each group.
Data are shown as mean ± SEM

Fig. 4 Gene expression of TNF-α, IL-6 and IL-10 in the cerebral cortex.
Pro-inflammatory cytokines TNF-α and IL-6 gene expression increased
in HFD group. IL-10 did not show differences among groups. *p < 0.05
versus HFD + O. n = 5–11 animals for each group. Data are shown as
mean ± SEM
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showing astrogliosis in obesity-induced neuroinflammation,
less attention has been paid to these cell responses following
a high-fat diet. Thus, in the present study, we focused on
GFAP immunostaining to evaluate astrogliosis. In obesity,
neuroinflammation is well described in the hypothalamus,
which is a primary site where signals coming from the periph-
ery arrive in the CNS (Cavadas et al. 2016; Miller and Spencer
2014). However, there are a few studies focusing on obesity
and neuroinflammation in other brain regions. In the present
study, we showed an increase in astrocytic activation in the
cerebral cortex of the HFD group. However, when evaluating
the effect of HFD on GFAP-immunoreactivity in the hippo-
campus, we did not find any difference between experimental
groups. In mice, it was demonstrated that the hippocampal
dysfunction caused by high-fat diet is dependent on strain
(Xue et al. 2015). Wistar rats show conflicting results, dem-
onstrating a decrease in GFAP immunostaining in the hippo-
campus following prolonged hypercaloric diet (Gzielo et al.
2016). On the other hand, 4 weeks of a high-fat diet did not
change GFAP expression in either the cerebral cortex or the
hippocampus (van der Harg et al. 2015). An increase in
GFAP immunostaining was shown in transgenic obese
rats (Zucker rats) in the cerebral cortex and hippocam-
pus (Tomassoni et al. 2013). Additional studies are nec-
essary to clarify these brain region differences in astro-
cyte responses to obesity. Thus, despite the conflicting
results on the brain areas that exhibit astrocytic activa-
tion in response to obesity, certainly this is an important
neuroinflammatory response in this condition.

In the present study, we observed that omega-3 exerts a
protective effect in the brain by decreasing astrogliosis in the
cerebral cortex of the HFD + O group. This finding demon-
strates that even for a short period of supplementation, omega-
3 is able to exert anti-inflammatory function. In addition to
interfering in the inflammation processes, omega-3 can be
incorporated into the phospholipids of inflammatory cell
membranes, altering inflammatory processes. This change in
fatty acid composition allows membranes to maintain its flu-
idity and to modify the formation of lipid derivatives, being
able to influence, in this way, the function of cells involved in
the inflammation (Yaqoob and Shaikh 2010). The role of
omega-3 PUFAs on the inhibition of nuclear factor κB
(NFκB) activation, which is a pro-inflammatory transcription
factor, has been reported (Calder 2015). Also, omega-3 can
positively modulate an anti-inflammatory gene expression by
activating the peroxisome proliferator activated receptor γ
(PPARγ) (Heras-Sandoval et al. 2016). In microglial cells,
omega-3 treatment decreases the LPS-induced release of
TNF-a and IL-6. This effect is mediated through activation
of the sirtuin-1 (SIRT1) pathway, which causes NF-kB inhi-
bition due to p65 deacetylation (Inoue et al. 2017). DHA anti-
inflammatory effect was also showed in astrocytes followed
by saturated fatty acids treatment (Gupta et al. 2012). Thus,

these fatty acids have the ability to shift a pro-inflammatory
M1 phenotype to M2, which is anti-inflammatory.

The anti-inflammatory effects of omega-3 PUFAs are well
known. In obesity, omega-3 prevents macrophage infiltration
and decreases inflammatory gene expression in adipose tissue
(Todoric et al. 2006). Labrousse et al., found that a 2-month
treatment with EPA/DHA prevented the increase in pro-
inflammatory cytokine expression in the hippocampus
(Labrousse et al. 2012). In the present study, we found an
increased mRNA expression of pro-inflammatory cytokines
TNF-α and IL-6 in the cerebral cortex after HFD. This pro-
inflammatory profile in the brain caused by obesity is already
shown in previous studies (Sánchez-Sarasúa et al. 2016;
Toyama et al. 2015). Astrocytes and microglia are both im-
portant sources of cytokines such as TNF-α and IL-6 during
pathological conditions (Baek et al. 2016; Urrutia et al. 2017).
In the present study, it was not possible to confirm whether the
increased pro-inflammatory cytokine expression is attributed
to microglia or astrocytes. However, we believe that astrocytic
activation may importantly contribute to this finding, since we
also showed a concomitant increase in the number of GFAP-
positive cells in the cerebral cortex after HFD. In addition, the
neuroinflammatory status has been related to cognitive decline
in obesity (Miller and Spencer 2014). In the present study,
omega-3 supplementation following the induction of obesity
was able to restrain the increase in cytokine expression in the
cerebral cortex. Despite this, omega-3 did not improve long-
termmemory. This result is probably explained by the fact that
omega-3 acts by preventing inflammation and consequently,
cognitive decline, but it is not able to revert an already
established neuronal and/or synaptic damage. This assump-
tion is reinforced by studies focused on aging, since there is
a neuroinflammatory profile in this situation.

In conclusion, the supplementation of omega-3 fatty acid
for 4 weeks following HFD was able to improve insulin sen-
sitivity, decrease visceral adiposity and diminish the
neuroinflammatory profile. These results emphasize the anti-
inflammatory role of this family of PUFAs, not only in the
periphery, but also in the CNS. However, the lack of a protec-
tive effect on the long-term recognition memory after HFD
suggests that omega-3 fatty acids are not able to revert already
established cognitive impairment. Thus, omega-3 supplemen-
tation plays an important role to prevent rather than revert
neuronal function impairment.
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