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Worldwide, and especially in Western civilizations, most of the staple diets contain
high amounts of fat and refined carbohydrates, leading to an increasing number of
obese individuals. In addition to inducing metabolic disorders, energy dense food
intake has been suggested to impair brain functions such as cognition and mood
control. Here we demonstrate an impaired memory function already 3 days after
the start of a high-fat diet (HFD) exposure, and depressive-like behavior, in the tail
suspension test, after 5 days. These changes were followed by reduced synaptic
density, changes in mitochondrial function and astrocyte activation in the hippocampus.
Preceding or coinciding with the behavioral changes, we found an induction of the
proinflammatory cytokines TNF-α and IL-6 and an increased permeability of the
blood–brain barrier (BBB), in the hippocampus. Finally, in mice treated with a TNF-α
inhibitor, the behavioral and BBB alterations caused by HFD-feeding were mitigated
suggesting that inflammatory signaling was critical for the changes. In summary,
our findings suggest that HFD rapidly triggers hippocampal dysfunction associated
with BBB disruption and neuroinflammation, promoting a progressive breakdown of
synaptic and metabolic function. In addition to elucidating the link between diet
and cognitive function, our results might be relevant for the comprehension of the
neurodegenerative process.

Keywords: high fat diet, cognition, neuroinflammation, blood–brain barrier, memory, depression, mitochondria,
bioenergetics

Frontiers in Neuroscience | www.frontiersin.org 1 November 2021 | Volume 15 | Article 734158

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2021.734158
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2021.734158
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2021.734158&domain=pdf&date_stamp=2021-11-04
https://www.frontiersin.org/articles/10.3389/fnins.2021.734158/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-734158 October 30, 2021 Time: 15:52 # 2

de Paula et al. HFD Induces Hippocampal Dysfunction

GRAPHICAL ABSTRACT | An illustrative scheme summarizing the main outcomes in Swiss mice fed high-fat diet (HFD), with their exact time of onset of changes
in the hippocampus. An increase in the expression of proinflammatory cytokines, together with the permeability of the blood–brain barrier was detected after 2 days
of HFD. Even in the first week of dietary intervention, memory and learning impairment, depressive-like behavior, and synaptic changes were observed at 3, 5, and
7 days, respectively. Later hippocampal alterations (after 4 weeks of HFD consumption) include mitochondrial dysfunction and astrocytic activation.

HIGHLIGHTS

- A short-term HFD impacts hippocampal-dependent learning
and memory, and mood behavior in Swiss mice.

- Neuroinflammation and BBB dysfunction represents a trigger
events in hippocampal dysfunction mediated by HFD.

- The inhibition of TNF-α inflammatory pathway mitigate the
behavioral impairments and BBB dysfunction in HFD fed
Swiss mice.

INTRODUCTION

Although we are aware that the mantra “Eat right and Exercise”
is the secret to promote weight stability and good health,
the obesogenic environment in Western society promotes high
consumption of high-fat diets (HFDs) and sedentary behavior
(Reardon et al., 2003; Asfaw, 2011). According to the World
Health Organization (WHO), the prevalence of obesity has
doubled in the last three decades worldwide, and currently,
at least one third of adults over 20 are overweight or obese
(Arroyo-Johnson and Mincey, 2016). Studies have demonstrated
the adverse health consequences of energy dense diets, especially
regarding disruption of the energy homeostasis, leading to
chronic metabolic disorders, such as type 2 diabetes (T2D)
(Freeman et al., 2014) and cardiovascular disease (Kratz et al.,
2013). Equally worryingly, more recent evidence points to the
impact of dietary fat on brain function and behavior (Davidson
et al., 2013; Kratz et al., 2013).

A large number of studies has shown that the exposure to HFD
strongly affects the hypothalamus (Velloso and Schwartz, 2011;
Thaler et al., 2012). Due to its direct link to appetitive

behavior and gut afferent information, the hypothalamus plays a
major role in understanding the Western diet-derived metabolic
changes (Velloso and Schwartz, 2011). Notably, the hippocampus
may also be particularly susceptible to damage by dietary
factors (Morris et al., 2006; Davidson et al., 2007; Francis
and Stevenson, 2011; Kanoski and Davidson, 2011; Gibson
et al., 2013; Baym et al., 2014; Hao et al., 2016; Attuquayefio
et al., 2017). The hippocampus is critical for many types of
learning and memory processes, and injuries/impairments in this
area can be found even in early phases of neurodegenerative
dementias, including vascular dementia and Alzheimer’s disease
(AD) (Kanoski and Davidson, 2011). High intake of fat
and sugar is associated with impairments in hippocampal-
dependent learning and memory in children (Baym et al.,
2014), adults (Francis and Stevenson, 2011; Gibson et al.,
2013; Attuquayefio et al., 2017), and the elderly (Morris et al.,
2006), suggesting a negative impact on hippocampal function
across the lifespan. Similarly, preclinical investigations in
rodent models have corroborated epidemiological data showing
that the HFD can induce hippocampal-dependent memory
impairment after a long-term of feeding (longer than 4 weeks)
(Ross et al., 2009; McNay et al., 2010; Hao et al., 2016;
Saiyasit et al., 2020).

In addition to the disturbances in cognitive function
epidemiological data indicate that overnutrition and obesity is
also related to mood disorders (Campbell and MacQueen, 2004;
Toups et al., 2013; Mansur et al., 2015). This association is
believed to be bidirectional, in which obese individuals tend to
develop anxiety and depression and, at the same time, those who
have depression end up adopting a hypercaloric diet, leading to a
gradual increase in body weight (Toups et al., 2013; Mansur et al.,
2015).
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Another open question is how quickly a shift to HFD impacts
hippocampal functions and mood-related behavior. Despite the
interest and ascendancy in the number of publications evaluating
the impact of HFD on the hippocampus, there are few studies
that assess and highlight its consequences in a short-term (up
to 4 weeks) feeding, showing only isolated effects (Gibson et al.,
2013; Kaczmarczyk et al., 2013; Beilharz et al., 2014; Attuquayefio
et al., 2017; Spencer et al., 2017; Wang et al., 2020).

Although many questions about the impact of HFD on
hippocampal function remain unanswered, it is known that HFD
consumption effects on cognitive and emotional abilities involves
several independent mechanisms, including (1) inflammatory
signaling such as glial cell activation and recruitment of
immune cells (Pistell et al., 2010), (2) abnormalities in cellular
bioenergetics, mainly mitochondrial dysfunction (Carraro et al.,
2018), (3) increase in blood–brain barrier (BBB) permeability
(Kanoski et al., 2010), and (4) impairment of synaptic plasticity
(Hwang et al., 2010; McNay et al., 2010; Liu et al., 2015). However,
the causal relationship and the time-course of these events upon a
HFD routine are not yet well established. In this study, we aimed
to elucidate how rapidly HFD induce hippocampal dysfunction
and which mechanisms are involved in this process.

MATERIALS AND METHODS

Animals
Six-week-old male Swiss mice were obtained from the animal
facility of the Federal University of Santa Catarina, Brazil.
Experimental protocols and procedures adhered regulations by
the National Institute of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Federal
University of Santa Catarina’s Ethical Review Committee for
Animal Experimentation (Protocol number 6191300316). At the
beginning of each experimental protocol, mice were randomly
divided according to specified experimental groups and housed
on grid roofs cages (4–5 per cage). They were maintained
on a 12:12 h light:dark cycle with a temperature-controlled
environment (22± 1◦C) and ad libitum access to food and water.

Experimental Diet and Study Design
For all experiments, mice were randomly divided into two
groups, fed either standard chow (SD), composed by 10%
calories from fat, 20% from protein and 70% from carbohydrates
(Nuvilab R© CR-1, Nuvital, Brazil), or a HFD composed by 60%
calories from fat, 12% from protein and 27% from carbohydrates
(PragSolutions Bioscience R© n-60, São Paulo, Brazil). In the first
step of the experiments, mice were subdivided in other three
groups and received SD or HFD for 1, 2, or 4 weeks, totalizing
six different experimental groups. All the groups were followed
by memory and depression-related behaviors tasks (n = 7–8)
performed in different cohorts of animals (Figures 1A–C). At the
end of the different experimental periods, mice were euthanized
by exsanguination under terminal anesthesia and hippocampi
were dissected for either mitochondrial function analysis (n = 5–
6) or BBB permeability assessment (n = 5–7). Another cohort of

animals was transcardially perfused and had their brains removed
for immunofluorescence assay (n = 4).

In the second round of the experiments, mice were randomly
selected for feeding on SD or HFD for 1 up to 6 days.
Same behavioral tests were performed in different groups of
animals (n = 6–8) followed by hippocampal dissection for BBB
permeability (n = 4) or gene expression evaluation (n = 4).
Another cohort of animals was transcardially perfused and had
their brains removed for immunofluorescence assay (n = 4–5).
During the last series of experiments SD or HFD-fed mice were
treated concomitantly with the anti-TNFα monoclonal antibody
Infliximab (10 µg/kg, intraperitoneally) once a day, for 7 days
(Figure 5A). A 0.9% saline solution was given as vehicle. At the
end of the treatment period, animals underwent the behavioral
tests described in the previous experimental designs (n = 7–
8), and the BBB permeability was evaluated in the hippocampi
(n = 4). Each set of behavioral tests, as well as the ex vivo
protocols, was performed at the same time of day, interspersing
the animals and samples between groups to avoid any time bias.
Body weight gain, food and water intake were evaluated in all
experimental groups as described recently (Brunetta et al., 2019).

Behavioral Tasks
Novel Object Recognition
All sessions were performed between 8 am and 3 pm. The
task was carried out in an open field arena as described
before (Cohen et al., 2015; De Paula et al., 2020) with some
modifications. Briefly, after 3-day habituation sessions on the
arena, animals were submitted to a 5-min-long session of
training (with two identical objects) followed by the test session
(with a novel object distinct in shape, color, and size) after
30 min (Figure 1B). Increased exploration of the novel object
is indicative of functional recognition memory. Results were
expressed as percentage of time exploring each object during
the test session. A discrimination index was calculated –
(Tnovel× 100)/(Tnovel+ Tfamiliar), where Tnovel was the time
spent by the animals exploring the novel object and Tfamiliar
was the time spent by the animals exploring the known object.
Exploration of object was defined as sniffing or touching the
object while looking at it, or “directing the nose” toward the
object at a distance less than or equal to 2 cm. In all groups,
the minimum exploration time of 20 s was stipulated for
inclusion in the tests.

Tail Suspension Test
Consists of suspending mice above the ground by their tails based
on the fact that animals subjected to this short-term inescapable
stress will develop an immobile posture (Figure 1C). The test
is useful in assessing depressive-like behavior, given by the
increased immobility time. In summary, mice were acoustically
and visually isolated and suspended 50 cm above the floor by
adhesive tape placed approximately 1 cm from the tail’s tip.
Immobility time was recorded during a 6 min period. Mice
were considered immobile only when they hung passively and
completely motionless. The immobility time was recorded by a
blinded observer to the experimental group (Steru et al., 1985).
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FIGURE 1 | Hippocampal abnormalities of mice fed a high-fat diet. (A) First time-course experimental design. (B) Novel object recognition (NOR) and (C) tail
suspension tests (TSTs) were performed in mice fed SD or HFD for 1, 2, and 4 weeks. Cognitive performance of SD and HFD-treated mice was accessed by NOR
(n = 7–8/group; one-sample t-test with hypothetical value of 50%). Time of immobility in TST was recorded in order to evaluate depressive-like behavior (n = 7–8;
unpaired t-test for 1, 2, and 4 weeks of diet, respectively). (D) Sodium fluorescein assay to evaluate BBB permeability on hippocampus (n = 5–7; t-test for 1, 2, and
4 weeks of diet). Values are mean ± SEM. +Means higher than the hypothetical value of 50%, *p < 0.05 SD vs. HFD, +discrimination score above 50%.

Fluorescein Assay
To assess BBB leakage, 4% sodium fluorescein (376 Da, Sigma-
Aldrich Chemie GmbH, Switzerland) was diluted in 0.9%
saline and injected in the dorsal penile vein (4 ml/kg) of
mice anesthetized with isoflurane and allowed to circulate in
the bloodstream for 30 min. Animals were then transcardially
perfused with 50 ml of 0.9% saline and the hippocampi were
quickly dissected and weighed. The tissues were homogenized
in 7.5% trichloroacetic acid to precipitate the proteins, and
centrifuged for 10 min at 10,000 × g at 4◦C. Then, 0.1 ml of
the supernatant was added to 0.25 ml (1:2.5 volume) of 1 M
potassium phosphate buffer (TFK; pH 7.0). The fluorescence was
scanned at an excitation and emission wavelengths of 485 nm
and 538 nm, respectively, using a fluorescence Microplate Reader
(Spectramax Paradigm). Data are calculated using a calibration
curve of sodium fluorescein and were expressed as percentage (%)
of leaking fluorescence (de Oliveira et al., 2020), compared to the
SD group. Blank samples were performed to avoid artifacts.

Immunofluorescence Staining and Image
Analysis
Animals were anesthetized with tribromoethanol and perfused
transcardially with saline followed by 4% paraformaldehyde

(PFA) prepared in 0.1 M phosphate-buffered saline (PBS). Fixed
brains were removed, embedded in 4% PFA for 24 h, and
cryoprotected in a 30% sucrose solution in PBS at 4◦C. The
brains were then frozen and stored at −80◦C for later analysis.
Serial coronal sections (30 µm) of hippocampi were obtained
with a cryostat (Leica) at −20◦C. Groups of 6–8 sections per
animal were incubated at room temperature for 2 h with 5%
horse serum (HS) solution in PBS containing 2% Triton X-100.
After blocking, free-floating sections were incubated overnight at
4◦C with the antibody against glial fibrillary acidic protein (GFAP,
mouse polyclonal, 1:400, Sigma, G3893) or synaptophysin (SYP,
mouse polyclonal, 1:150, Abcam, ab8049) in 1% HS diluted in
0.5% PBS-Tx. Sections were then washed in PBS and incubated
for 2 h with anti-mouse Alexa 488 (1:400, Invitrogen, A-11001)
in 1% HS diluted in 0.5% PBS-Tx at room temperature. After
a final washing step, sections were mounted with CC/Mount
(Sigma) and covered with coverslips. Images from all 6–8 serial
sections of each mouse hippocampi were acquired parallel to
the coverslip (xy sections) on OLYMPUS BX41 (GFAP) and
Confocal Zeiss Upright LSM780-NLO (SYP) microscopy, with a
Z-stack reconstruction for the latter. Fluorescence was quantified
on ImageJ software, evaluating the hippocampal CA1 region
for SYP and the sum of the CA1, CA3, and dentate gyrus
regions for GFAP.
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High-Resolution Respirometry
The Oxygraph-2k (O2k, OROBOROS Instruments, Innsbruck,
Austria) was used for measurements of respiration to evaluate
mitochondrial function. Hippocampus homogenates were
performed in a high-potassium respiration buffer (Sims and
Blass, 1986) using substrate-uncoupler-inhibitor titration (SUIT)
protocols (Makrecka-Kuka et al., 2015) with modifications.
Pyruvate and malate (5 and 2.5 mM, respectively) were used to
determine Complex I (CI) linked LEAK respiration. ADP was
added at 550 µM final concentration, which was saturating for
oxygen flux to obtain OXPHOS capacity linked to CI. Succinate
(5 mM) was added to reconstitute convergent CI&II-linked
respiration. Titrations with the uncoupler FCCP (0.1 µM) were
performed to determine the maximal electron transfer system
(ETS) capacity. Rotenone (1 µM to inhibit Complex I) was added
to determine phosphorylating CII (CIIp). All experiments were
performed at 37◦C.

Real-Time PCR
For the expressions of TNF-α, IL-1β, and IL-6, mRNAs
were measured in the hippocampus of mice submitted to
SD or HFD up to 6 days. Intron-skipping primers were
obtained from Applied Biosystems. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an endogenous control
for normalization of the different genes. The following primers
were purchased from Applied Biosystems: GAPDH (4351309),
TNF-α (Mm 99999068_m1), IL-1β (Mm00434228_m1), and IL-6
(Mm99999064_m1). The optimal concentrations of cDNA and
primers, as well as the maximum efficiency of amplification,
were obtained through a 5-point, twofold dilution curve analysis
for each gene. For the relative quantification of genes, real-
time PCR reactions were performed in triplicate from 3.0 ng
of reverse-transcribed RNA, 200 nm of each specific primer,
TaqManTM (Applied Biosystems), and RNase free water to a
final volume of 20 µl. The relative gene expression data values
were performed in an ABI Prism 7500 sequence detection system
(Applied Biosystems).

Statistics and Data Representation
Values are represented as mean ± standard error of the
mean (SEM). Statistical analysis and graphs were done using
the software GraphPad Prism7 R© (GraphPad Software, La Jolla,
CA, United States) or Statistic software package (StatSoft Inc.,
Tulsa, OK, United States). Because all data resented normal
distributions, significant differences were evaluated by Student’s
t-test and one-way or two-way analysis of variance (ANOVA),
depending on the experimental design. Following significant
ANOVAs, multiple comparisons were performed using Duncan’s
and Dunnett’s post hoc test. The two-way ANOVA was conducted
with diet and treatment as independent variables. Data from
object recognition test expressed as Discrimination Index as
described (De Paula et al., 2020), and the difference between
groups was assessed by performing an unpaired t-test. The
differences were considered significant when p < 0.05. Outliers
were only excluded when a problem was noted during the
experiment or sample processing.

RESULTS

Short-Term High-Fat Diet Impairs
Hippocampal-Dependent Behavioral and
Blood–Brain Barrier Permeability
The metabolic profile of mice used in this experimental protocol
was previously published in a recent study from our group
(Brunetta et al., 2019). The fasting glucose blood levels did not
change after 1, 2, or 4 weeks of a HFD intake. However, we found
a decrease in glucose uptake from 1 up to 4 weeks compared to
SD group, reflecting a glucose intolerance induced by HFD. The
impairment of glucose homeostasis was accompanied by higher
body mass gain in HFD animals (Brunetta et al., 2019).

We started by investigating the effects of HFD in a time-course
manner (1, 2, or 4 weeks) on behavioral tests evaluating learning
and memory, as well as mood and motivation (Figure 1A).
To evaluate cognitive capacity, mice were subjected to a
hippocampal-dependent recognition cued version of the novel
object recognition (NOR) test (Figure 1B). Animals fed a
SD demonstrated normal recognition memory, as shown by
increased exploratory behavior toward the novel object used
in the test session, throughout all evaluated periods. However,
mice on a HFD did not show an increased discrimination score
toward the novel object. This effect was seen at all investigated
time-points (1, 2, and 4 weeks). The depressive-like behavior of
mice was further tested in the tail suspension test (TST), where
immobility time was recorded (Figure 1C). Prior to the TST,
the locomotion of all groups was evaluated in the open field
test and found to be very similar (Supplementary Figure 1),
making any bias due to differences in locomotion unlikely. We
found a higher immobility time of animals submitted to HFD
compared to the SD group, a difference already observed in the
first week of diet consumption which remained increased for the
following weeks [p = 0.0294 (1 week); p = < 0.0001 (2 weeks);
p = 0.0445 (4 weeks)].

We next examined whether the HFD induced an increase
in BBB permeability in the hippocampus of mice. The sodium
fluorescein brain permeability assay was used to assess the
functionality of the BBB. As observed in Figure 1D, 1 week
of HFD significantly increased sodium fluorescein leakage in
hippocampus (p = 0.0339). Intriguingly, with 2 weeks of HFD, the
dye fluorescence concentration was similar to the SD-fed group,
increasing again after 4 weeks of HFD (p = 0.0293). These results
demonstrate that the consumption of a hyperlipidic diet, even for
a short period, leads to an impairment in BBB function, besides
metabolic alterations.

Late Effect of High-Fat Diet on
Hippocampal Mitochondrial Function
and Astrocyte Activation
The mitochondrial activity was examined in hippocampi
homogenates by high resolution respirometry. No significant
changes were observed in hippocampal mitochondrial function
up to 2 weeks of HFD (Supplementary Figures 2A,B). However,
4 weeks of HFD-feeding caused an intense mitochondrial
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dysfunction (Figures 2A,B). We used a multi-substrate protocol
to measure the O2 consumption rate related to proton leak
(LEAK, PM), complex I linked OXPHOS capacity (CIp,
PM + ADP) and oxidative phosphorylation (OXPHOS,
PM + ADP + S) in hippocampal homogenates (Figure 2A).
LEAK stimulation with PM, in the non-phosphorylating state,
showed a significant lower O2 consumption upon 4 weeks of
HFD intake (Figure 2B, p = 0.063). The addition of succinate (S)
to CIp stimulated the respiratory OXPHOS capacity, however,
this stimulation was 25% lower in animals submitted to a
HFD (p = 0.0173). To obtain a measure for ETS, i.e., the
maximal capacity of the ETS, a step-by-step titration with
the uncoupler FCCCP was performed. Our data reveal that
4 weeks of HFD-feeding caused a significant reduction of ETS
hippocampal capacity (p = 0.0083). The inhibitory effect of
rotenone (Rot) on Complex I permits the evaluation of the
complex II linked OXPHOS capacity (CIIp), showing a 60%
more activity on SD-fed mice, compared to HFD-fed mice
(Figure 4B, p = 0.0393).

Astrogliosis is a hallmark of CNS injury and has been
observed in several mouse models of neurodegeneration by using
immunofluorescence analysis (Brenner, 2014). GFAP labeling
(Figures 2C,D) was significantly increased in the hippocampus
of mice fed HFD for 4 weeks (p = 0.0319), whereas the modest
increases observed at the earlier time-points did not reach
statistical significance (Supplementary Figure 2C).

The Early Time-Course of High-Fat
Diet-Induced Brain Impairments
To determine the exact onset of brain and behavioral alterations,
we evaluated the parameters described above daily during the first
6 days of HFD exposure. No changes on animals’ body weight
were observed during this short period of HFD consumption
(data not shown). Figure 3A shows deficits in cognition after
only 3 days of HFD, while the depressive-like phenotype can
be visualized after day 5 of such diet [Figure 3B, p = 0.0385
(day 5); p = 0.0007 (day 6)]. The BBB permeability of HFD-
fed mice was significantly increased in the hippocampus after 1
(Figure 3C, p = 0.0418) and 2 days (p = 0.0215), with a similar
trend on the third day (p = 0.0610). The fluorescein dye leakage
was normalized at day 4, returning to basal levels.

In addition, we sought to explore inflammatory markers in the
hippocampus of HFD-fed mice to evaluate a possible connection
between neuroinflammation, BBB dysfunction, and behavioral
outcomes. The mRNA levels of TNF-α was slightly induced on
the second day after HFD introduction (Figure 3D, p = 0.0572),
but returned to baseline levels thereafter. Likewise, a significant
increase of IL-6 was also observed (Figure 3E, p = 0.0154),
with a similar return to baseline levels in the following days.
No significant differences in IL-1β mRNA levels were observed
during the 6 days (Figure 3F).

We also investigated whether mice consuming HFD for
up to 7 days would exhibit alterations in synaptic density.
Immunofluorescence staining for the presynaptic marker SYP
was conducted in the hippocampal CA1 field (Figure 4A)
to visualize presynaptic terminals. The intensity of SYP was

analyzed by immunostaining which displayed a 25.7% decrease
(Figure 4B, p = 0.0079) in mice submitted to 7 days of HFD
compared to the control group. No significant differences were
detected under 3 days of HFD feeding.

Immunoneutralization of TNF-α
Modulated Behavior and Blood–Brain
Barrier Impairments
In clinical practice, the inhibition of TNF-α activity has proven
to have beneficial effects in chronic inflammatory and metabolic
diseases (Araújo et al., 2007). We used a TNF-α inhibitor to
determine if TNF-α was critical for the behavioral impairments
and the BBB dysfunction seen in response to HFD. We evaluated
the effect of the TNF-α blocking monoclonal antibody Infliximab
in mice submitted to SD or HFD, as shown in Figure 5A. Our
results show that the impaired recognition memory observed
in mice after 1 week of HFD consumption was mitigated by
the cotreatment with Infliximab (Figure 5B). Thus, HFD-treated
mice given vehicle did not show any preference toward the novel
object, presenting a discrimination score similar to the random
chance, whereas a better performance was observed on HFD-
treated mice given Infliximab. The mice exposed to the HFD
diet treated with Infliximab explored for a longer time the new
object. Furthermore, the two-way ANOVA revealed a significant
effect for diet and treatment interaction on mice depression
phenotype analysis [F(1,34) = 8.75, p < 0.01] performed in
the TST. Subsequent Duncan’s post hoc test pointed out that
the immunoneutralization of TNF-α mediated by Infliximab
treatment restored the HFD diet-induced depression phenotype
in mice (Figure 5C). In addition, the two-way ANOVA indicated
that diet and Infliximab treatment tend to interact on fluorescein
permeability [F(1,12) = 4.25, p = 0.06] in the hippocampus
of mice. Subsequent post hoc comparisons demonstrated an
increased sodium fluorescein permeability in the hippocampus of
mice exposed to HFD, which was trend to be reduced by TNF-α
inhibition (Figure 5D).

DISCUSSION

Clinical evidence show that only 4-day consumption of a
Western-style diet impacts hippocampal-dependent learning and
memory in young adults (Attuquayefio et al., 2017). Studies
in rodents receiving a HFD have corroborated this evidence,
showing impairments especially in spatial tasks in which the
hippocampus is required (Campbell and MacQueen, 2004;
McNay et al., 2010; Toups et al., 2013; Mansur et al., 2015).
However, the temporal window in which these effects take
place, and the molecular mechanism eliciting the hippocampal
dysfunction are currently unclear. This study reveals not only
that a short exposure to HFD impacts brain function, but also
the timing of these changes occur over time. Our figures results
are represented as the time-course in which alterations occur.
We highlight, in a chronological manner, the key events involved
on behavioral changes caused by HFD. Our outcomes point to
a rapid deficit in hippocampal and emotional dependent tasks
in mice fed HFD, which was concomitant with the induction
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FIGURE 2 | Hippocampal alterations followed by 4 weeks of HFD. (A) Representative experiment in SUIT protocol. (B) Respirometric measurements by oxygen flux
using PM as initial substrates (leak), followed by ADP (CIp), S (Oxphos), FCCP titrations (ETS), and finally inhibited by Rot (CIIp; F = 2.077) and Ant A in the
hippocampus of mice submitted to 4 weeks of SD or HFD (n = 5–6). (C) Representative images of GFAP immunolabeling in the hippocampus of 4 weeks SD and
HFD-fed mice (scale bar = 150 µm) along with (D) quantification of GFAP immunoreactivity (n = 4). Values are mean ± SEM. Unpaired t-test performed. *p < 0.05,
**p < 0.01 SD vs. HFD.

of proinflammatory cytokines and BBB permeability in the
hippocampus. Furthermore, we also showed that by inhibiting
the TNF-α pathway, behavioral changes are mitigated. The
use of an already approved drug, like Infliximab, improve the
translational features of the work.

Studies that describe the effects of a short exposure to HFD
(up to 4 weeks) on learning and memory, as well as on mood
behavior appear to vary remarkably due to diversity among
animal species and strains, diets composition, the length of

exposure, and the method used to assess behavioral outcomes.
Cognitive impairment was seen in juvenile mice fed with a 60%
HFD for 1 or 3 weeks (Kaczmarczyk et al., 2013), whereas we
found an impaired memory function already 3 days after the
start of a HFD intake. In aged rats, fear memory was impaired
after a 3-day-HFD but remained intact in young adults (Spencer
et al., 2017). Using multiple types of associative memory tasks,
it was reported a rapid deficit in episodic, spatial, and context
memories, reversing to normal parameters when switching back
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FIGURE 3 | Evaluation of the high-fat diet effects in an early time-course. Assessment of the onset changes in (A) cognition (n = 6–8/group; one-sample t-test with
hypothetical value of 50%), (B) depressive-like behavior (n = 6–8), (C) BBB leakage in hippocampus of mice fed HFD from 1 up to 6 days (n = 4), as well as
proinflammatory cytokines represented by (D) TNF-α, (E) IL-6, and (F) IL-1β (n = 4). One-way ANOVA followed by Dunnett post hoc test performed for (B–F).
*p < 0.05, ***p < 0.001 SD vs. HFD. Values are mean ± SEM. +p < 0.05 vs. chance levels (50% of a new object investigation in test trial).

FIGURE 4 | Decrease of synaptic density after 7 days of HFD. (A) Immunofluorescence analysis for the expression and localization of the pre-synaptic terminals
immunolabeled for pre-synaptic marker synaptophysin (SYP) in hippocampal CA1 region of mice submitted to SD (0), 3 or 7 days of HFD (n = 4–5, one-way ANOVA
followed by Dunnett post hoc test). SYP represented in green and DAPI represented in blue. Scale bar = 50 µm (B) quantitative analysis for the SYP
immunoreactivity. Data are shown as mean ± SEM. *p < 0.05 SD vs. HFD.

to a low-fat diet (McLean et al., 2018). Another time-course study
has demonstrated HFD-inducing memory deficits after longer
periods of feeding (Saiyasit et al., 2020).

Among the neuropathologies associated with obesity,
perhaps the most frequent is related to mood disorders.
Experimental mouse models of depression and clinical studies

have described structural changes in the hippocampus (Campbell
and MacQueen, 2004; Vagena et al., 2019). Our findings
presented here are consistent with previous studies on the
interconnectedness of depression and obesity (Sharma et al.,
2010; Abildgaard et al., 2011; MacQueen and Frodl, 2011;
Toups et al., 2013; Mansur et al., 2015; Vagena et al., 2019;
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FIGURE 5 | Anti-inflammatory effect on CNS alterations induced by high-fat diet. (A) Experimental design of mice fed either SD or HFD for 7 days and treated with
saline or infliximab (10 mg/kg). (B) Cognitive performance of treated mice (n = 7–8/group; one-sample t-tests). (C) Time of immobility in TST (n = 7–8; two-way
ANOVA followed by Duncan post hoc test). (D) Hippocampal sodium fluorescein assay (n = 4/group; two-way ANOVA followed by Duncan post hoc test). Values are
mean ± SEM. +p < 0.05 vs. chance levels (50% of a new object investigation in test trial). **p < 0.01 compared with mice fed with SD and &p < 0.05 compared
HFD mice treated with vehicle. *p < 0.05, **p < 0.01, ***p < 0.001 SD vs. HFD.

Lama et al., 2020). We observed depression-like behavior, in the
TST, after only 5 days of a HFD in mice. In this regard, preclinical
evidence indicates that either 3 weeks dietary or genetically
induced obesity in mice lead to a depressive phenotype observed
in both the TST and the forced swim test (Vagena et al., 2019).
Similar findings have also been reported in an animal model
of T2D (Sharma et al., 2010). Moreover, a study using the
Flinders Sensitive Line rat, a validated genetic animal model of
depression, found that HFD exacerbated depressive-like features,
despite not affecting non-depressed rats (Abildgaard et al., 2011).
In a recent study using a wide battery of behavioral tests, it
was reported that 12 weeks of HFD causes a depressive-like
phenotype including anhedonia, one of the key symptoms of
depression (Lama et al., 2020).

An intriguing question raised by these data is which specific
events that trigger the HFD-induced behavioral changes? Several
studies report the consequences of HFD on BBB permeability
(Stranahan et al., 2016; Guillemot-Legris and Muccioli, 2017;
Ramalho et al., 2018). For instance, BBB leakage was implicated
as a contributing factor to obesity-induced neuroinflammation
and cognitive deficits in a genetic model of obesity (Stranahan
et al., 2016). Here we show an impaired BBB functionality already
on the first day of HFD prematurely affecting the behavioral
outcomes. The plasticity and dynamics of the BBB continually

adjust to maintain homeostasis, either by adapting to changes
in different physiological states or by adapting to the exchange
of molecules between the bloodstream and the brain (Segarra
et al., 2021). This may explain why the initial response to the
introduction of HFD has temporarily disappeared, oscillating
between greater permeability and a return to baseline conditions.
The present data is in accordance with a previous study showing
that the hypothalamic median eminence and surrounding areas
got more permeable to peripheral signals after 1 week of HFD
introduction, followed by a return to normal conditions at
2 weeks and a second increase in permeability on the fourth week
of HFD (Ramalho et al., 2018).

Experimental studies have sought to identify the mechanisms
triggering the neuronal modulation resulting from increased BBB
permeability in diet-induced obesity. Among them, inflammation
(De Souza et al., 2005; Pistell et al., 2010; Thaler et al., 2012;
Spencer et al., 2017) and mitochondrial abnormalities (Dietrich
et al., 2013; Carraro et al., 2018) stand out. However, it is
still unknown which of these events is the primary trigger.
Rodent models of diet-induced obesity are characterized by
inflammation in both peripheral tissues and CNS areas critical
to energy homeostasis (De Souza et al., 2005; Thaler et al., 2012;
Dietrich et al., 2013; Stranahan et al., 2016; Nakandakari et al.,
2019). The study by Thaler et al. (2012) was a pioneer in
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demonstrating the increase of inflammatory cytokines in the
hypothalamus much earlier (1–3 days) than in peripheral tissues
(4 weeks) when animals are subjected to HFD (60% of calories
from fat) (Thaler et al., 2012). Interestingly, as in our data, the
study shows an oscillating expression of a range of inflammatory
genes. Modulation of hippocampal pro-inflammatory (TNF-α
and IL-1β) and apoptotic (Bcl2 and BAX) genes were recently
observed in mice after 3 days of HFD (Nakandakari et al.,
2019). Also, the short-term HFD was enough to increase the
hippocampal IL-1β content in aged rats (Spencer et al., 2017).

Here we observed an increase in hippocampal IL-6 and a
trend (p = 0.057) of increase in TNF-α gene expression (from
the second day of HFD), even before the metabolic changes could
be detected (Brunetta et al., 2019). These findings indicate that
an inflammatory process occurs quickly after HFD exposure and
may be involved in the early stages of hippocampal dysfunction.
However, we noted that the increase in GFAP only after 4 weeks
of HFD, suggesting that the astrocyte activation is involved
in the progression, rather than the initiation, of hippocampal
dysfunction. Importantly our findings suggest that, by inhibiting
one of the inflammatory pathways, the behavioral impairments
and BBB dysfunction are mitigated. As a proof of concept, upon
neutralization of TNF-α, dysfunctions in BBB permeability and
cognition, as well as depressive-like phenotype induced by HFD
were no longer observed. Indeed, the peripheral administration
of the anti-TNF-α Infliximab has previously been shown to
restore glucose homeostasis of 8 weeks HFD-induced obesity
and diabetes (Araújo et al., 2007). After high-fat intake, the
reduction of peripheral and central inflammation with Infliximab
was associated with a decrease in the hypothalamic expression
not only of TNF-α but also of other cytokines, such as IL-6
and IL-1β (Milanski et al., 2012). Furthermore, Infliximab either
prevented the impairment of spatial memory in rats with hepatic
encephalopathy (Dadsetan et al., 2016), however, there were no
reports that demonstrated its role in mitigating cognitive deficits
induced by the consumption of saturated fat.

The hippocampus is particularly prone to develop deficits
in synaptic transmission and density during inflammatory
processes and is also sensitive to the damaging effect of pro-
inflammatory cytokines (Hauss-Wegrzyniak et al., 2002; Costello
et al., 2011). The reduction in the hippocampal CA1 staining
of presynaptic protein observed here suggests that changes
in synaptic density occurs earlier than previously reported.
Liu et al. (2015) and Hwang et al. (2010) reported changes
in synaptophysin levels after 12 weeks and 9–12 months of
HFD, respectively. Interestingly, in many neurological disorders,
inflammation, neuronal degeneration and synaptic dysfunction
coexist (Di Filippo et al., 2008, 2013).

Experimental studies have shown that dietary fats can
disturb mitochondria dynamics in hypothalamic neurons and
directly affect energy homeostasis (Dietrich et al., 2013;
Carraro et al., 2018). We hypothesized that mitochondrial
dysfunction could trigger the behavioral outcomes; however,
we observed alterations in hippocampal mitochondrial oxygen
consumption only at the later point, after 4 weeks of HFD.
Our data goes in the same direction as to what has been
described in the hypothalamus. The consumption of high-fat for

16 weeks modifies the morphology and density of hypothalamic
mitochondria in AgRP−/− mice (Dietrich et al., 2013), while
no changes in hypothalamic mitochondrial respiration were
observed after 1 or 7 days of HFD (Carraro et al., 2018). It
seems that the hippocampal mitochondria initially can resist
the challenge of inflammation and increased BBB permeability.
However, prolonged exposure to saturated fats results in
hippocampal mitochondrial dysfunction.

In conclusion, our observations indicate that
overconsumption of dietary fats cause a dynamic and rapid
hippocampal impairment. As summarized in the graphical
abstract, HFD rapidly brings up deficits in memory and
mood behavior. These events are associated with an early
increase in hippocampal BBB permeability and inflammatory
cytokine production, culminating in synaptic dysfunction.
The later impairment in mitochondrial function and astrocyte
activation could indicate a role in the progression of the
hippocampal dysfunction. We acknowledge that studding part
of neuroinflammation pathway and not specifying inflammatory
and synaptic protein markers in hippocampus under different
approaches is a limitation of this study that could be further
explored in the future.
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