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Abstract

The excessive production of pro-inflammatory mediators, characteristic of obesity, leads to neuroinflammation. Zinc (Zn)
and the branched-chain amino acids (BCAA) are supplements known for their immunomodulatory properties. Our goal was
to evaluate if Zn or BCAA supplementation can affect long-term recognition memory and neuroinflammatory parameters of
obese rats after a high-fat diet (HFD). Three-month-old Wistar rats were divided into six groups: Standard diet (SD) + vehicle;
SD+Zn; SD + BCAA; High-fat diet (HFD) + vehicle; HFD +Zn; and HFD + BCAA. Diets were administrated for 19 weeks,
Zn (1,2 mg/kg/day) or BCAA (750 mg/kg/day) supplementation was conducted in the last 4 weeks. Long-term recognition
memory was evaluated by the novel object recognition test. IL-1p immunoreactivity in the cortex and hippocampus, and
IL-6 levels in the cortex tissue were assessed. Astrogliosis were evaluated through GFAP + cell count and morphological
analysis (Sholl Method). Zn supplementation improved object recognition memory in HFD-fed rats, which was not observed
following BCAA supplementation. The levels of IL-6 in the cerebral cortex were higher after HFD, which was not diminished
after neither supplementation. Obesity also led to increased IL-1f immunoreactivity in the cerebral cortex and hippocampus,
which was reduced by Zn. BCAA supplementation also diminished IL-1p immunoreactivity, but only in the hippocampus.
We also showed that astrocyte reactivity caused by HFD is area-dependent, being the cerebral cortex more susceptible to the
diet. Even though BCAA and Zn can affect IL-1p immunoreactivity and astrocyte morphology, only Zn improved memory.
Future studies are needed to clarify the pathways by which Zn improves cognition in obesity.
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Introduction

The natural immune response of the central nervous system
(CNS) is known as neuroinflammation. It is responsible for
preserving the CNS environment by removing pathogenic
organisms, cleaning cellular debris, and promoting tissue
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repair. However, sustained neuroinflammation has been exten-
sively associated with neurodegenerative diseases, being cor-
related with the starting and progression of neurodegeneration
(Neal and Richardson 2018; Kwon and Koh 2020).

In obesity, excessive body fat accumulation creates a
low-level, chronic, and generalized inflammatory state
known as meta-inflammation (Gregor and Hotamisligil
2011). Peripheral pro-inflammatory mediators, such as
interleukin-1p (IL-1p) and tumor necrosis factor (TNF-a),
can cross the blood—brain barrier (BBB) and reach the brain
(Rhea et al. 2017). In the brain, glial cells, mainly microglia
and astrocytes, respond by changing their morphology
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and becoming activated (Kwon and Koh 2020). Although
microglia are the innate immune cell of the CNS, there is
significant involvement of astrocytes in the neuroinflammation
found in neurodegenerative disorders (Neal and Richardson
2018). Astrocytes are the most abundant glial cells in the
central nervous system (CNS). They are entrusted with
important tasks such as participating in neuronal synapses
and maintaining the integrity of the BBB (Pekny and Pekna
2014; Sofroniew 2014; Rhea et al. 2017). When glial cells
become chronically activated, a sustained increase of local
pro-inflammatory elements triggers neuronal death. It may
explain why obesity also have been considered a risk factor for
the development of neurological diseases such as Alzheimer's
disease (Samara et al. 2019). Obesity has become an epidemic
and, according to the World Health Organization, in 2016
around 9% of the world population were obese (=30 kg/m2)
(WHO 2018).

Although obesity is a multifactorial disease, it is
known that diet plays an important role in its increasing
incidence worldwide (Malik et al. 2013). In that sense,
animal models to mimic obesity are crucial to better
understanding the mechanism of obesity-related
neuroinflammation. High-fat diets (HFD) are high-
energy diets, extensively used to mimic the pattern of
human obesity with the development of characteristics
such as weight gain and metabolic disorders (Beilharz
et al. 2016, Thoen et al. 2018). Previous work by our
research group using this diet model has already shown
that the damage also extends to the central nervous
system (de Andrade et al. 2017). Therefore, the use
of diet-induced obesity models allows the search for
treatment options capable of diminishing the deleterious
neurological effects of the disease.

Among a range of commercial supplements that have
known immuno-modulatory properties, we can highlight
Zinc (Zn) and the branched-chain amino acids (BCAA).
Zn is a mineral of nutritional importance. It is necessary
as a component for more than 300 enzymes contributing
to the functionality of over 2000 proteins in the human
body, and its deficiency can cause a a range of acute
and chronic detrimental effects, including growth retar-
dation, infertility and immune dysfunction (Plum et al.
2010; Portbury and Adlard 2017). Obese and overweight
individuals can present low serum Zn levels, leading to a
low capacity to respond to oxidative damage and inflam-
mation, aggravating symptoms already presented in obe-
sity (Costarelli et al. 2010; Rios-Lugo et al. 2020). Also,
Zn supplementation could ameliorate glucose homeosta-
sis and lipid profile in humans (Skalny et al. 2021). In
the brain, zinc is associated with cognition and memory
regulation through N-methyl-D-aspartate receptors in
processes such as long-term potentiation and long-term
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depression (Portbury and Adlard 2017). Also, zinc plays
an important role in immune modulation, being capable
of suppressing the allogeneic immune response at rela-
tively low doses (Faber et al. 2004).

BCAA (valine, leucine and isoleucine) are essential
amino acids. As an immune modulator, those amino
acids can, for instance, provide important coenzymes
that will support metabolic reprogramming of immune
cells and support epigenetics modulation (Kelly and
Pearce 2020). Evidence suggests that low BCAA die-
tary intake impairs the immune response and increases
the vulnerability to certain diseases (Zhang et al.
2017). Unlike most amino acids, only a small fraction
of BCAA is metabolized by the liver. About 10% of
ingested BCAA crosses the blood—brain barrier and
reaches the brain. In the brain, the BCAA will directly
or indirectly participate in neurotransmitter synthesis
and maintenance of nitrogen balance in the glutamate-
glutamine cycle between astrocytes and neurons (De
Simone et al. 2013). Other advantages of BCAA sup-
plementation include controlling body weight, improv-
ing muscle protein synthesis, and maintaining glucose
homeostasis (Bifari and Nisoli 2017).

Considering that obesity causes a chronic inflamma-
tory state which can affect peripheral and CNS struc-
tures and that Zn and BCAA can improve metabolic and
inflammatory parameters, the present study aimed to
evaluate whether 4 weeks of Zn or BCAA supplementa-
tion can impact the recognition memory and neuroin-
flammatory parameters of obese rats.

Experimental procedures
Animals

Male Wistar rats (n=36) were provided by the Federal
University of Health Sciences of Porto Alegre (UFCSPA)
animal facility. To avoid hormonal fluctuation, only male
rats were included. They were kept in plastic cages (2-3
rats per cage) under controlled temperature (22-24 °C) and
light (12 h light/12 h dark cycle). Animals had free access to
standard rat chow with a caloric content of 3.4 kcal/g (63%
carbohydrates, 11% lipids, and 26% proteins; Nuvilab®
CR-1 standard rat chow; NUVITAB, Brazil) and water until
complete 12 weeks.

All procedures were approved by the Institutional Animal
Care and Use Committee (UFCSPA, Brazil, protocol No.
359/16). All efforts were made to minimize animal suffering
and reduce the number of animals used in the experiments,
which were performed following the international laws for
the care of laboratory animals, following the 3Rs guidelines.
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Diet and supplementation

The diet and supplementations were performed as described
in a previous study of our group (Thoen et al. 2018).
Briefly, 12 weeks old male rats were randomly allocated in
one of the 6 experimental groups (n=6/group): Standard
diet (SD) + vehicle; SD +Zn; SD + BCAA; High-fat diet
(HFD) + vehicle; HFD + Zn; and HFD + BCAA. Diets were
administrated for 19 weeks. As described above, the stand-
ard diet groups were fed with Nuvilab® CR-1 standard rat
chow. Animals from the HFD groups were feed with Prag-
solucdes® high-fat diet, with a caloric content of 4.5 kcal/g
(35.7% carbohydrates, 45.1% lipids, and 19.2% proteins,
Pragsolu¢des Biociéncias, Brazil), and had free access to
a solution containing 42 g/L of fructose and sucrose (55%
fructose and 45% sucrose) (Synth, Brazil). Animals from all
groups had access to water ad libitum.

The supplementation was administered by gavage. Zn and
BCAA (1:1:1) were diluted in water at the doses of 1,2 mg/
kg and 750 mg/kg, respectively. Animals received Zn or
BCAA supplementation daily from the 15" week until the
end of the experiment (4 weeks of supplementation). SD
and HFD groups received an equivalent volume of water by
gavage for the same period.

Recognition memory

The object recognition test was performed in the last week
(19" week) of diet administration. The test is composed of
3 phases, divided into 3 days. First, rats were habituated for
10 min in an acrylic box (40 cm x40 cm X 20 cm). Twenty-
four hours after, the training session was conducted. In the
training session animals were individually placed in the left
rear quadrant of the box containing two identical objects
(A and B) and allowed to explore for 5 min freely. Finally,
twenty-four hours after the training session, one of the
objects was replaced by a new object (C), and each rat was
reintroduced into the box for 5 min to explore. Time explor-
ing each object was recorded. Exploration was considered
when the animals placed the nose towards the object at a
distance less than 2 cm and/or when the animal touched the
object with its nose (Ennaceur and Delacour 1988). Finally,
the recognition index (RI) was calculated using the equation
exhibited below.

= Time spent exploring the new object (C)
"~ Time exploring the familiar object (A) + time exploring the new object (C)

Brain tissue samples

After 19 weeks of diet, the animals were fasted for 6 h and
then euthanatized using 50 mg/kg of xylazine hydrochloride

(Rompum®) and 100 mg/kg of ketamine hydrochloride
(Ketalar®) for tissue collection. The brain was quickly
removed, and the right and left hemispheres were separated.
For histological analyses, the right hemisphere was placed
in a fixative solution (zinc buffer solution). The cerebral
cortex and the hippocampus were dissected from the left
hemisphere and quickly frozen together with the cerebellum
in liquid nitrogen, as previously described (de Moura et al.
2015), and stored at -80 °C for further analysis.

Immunohistochemistry

For immunohistochemistry, the brain's right hemisphere was
fixed in a zinc buffer solution (pH 7.4) for 48 h at room
temperature. After this period, tissues were dehydrated,
embedded in paraffin, and sectioned (8 pm thick) using a
microtome. Sections were treated with 3% H,0, in 10%
MeOH for 30 min, washed in PBS for 30 min, and incubated
for 30 min in 3% goat serum (Millipore) in PBS containing
0.4% Triton X-100 (PBS-T). Then, sections were incubated
overnight at 4 °C with a primary antibody (anti-GFAP,
1:750, Millipore, USA; anti-IL-1p (1:100, Santa Cruz
Biotechnology, USA). Sections were then incubated with
anti-mouse IgG peroxidase-conjugated secondary antibody
(Sigma-Aldrich), diluted 1:500, for 90 min at room tem-
perature. Immunoreaction was developed using a solution
of 0.06% DAB (3,3'-diaminobenzidine tetrahydrochloride;
Sigma-Aldrich) and 0.005% H,0, in PBS. Sections were
counterstained with hematoxylin, dehydrated, and covered
with Entellan (Merck) and coverslips. A blinded researcher
regarding the groups scored IL1-f immunorreactivity. The
scoring system was adapted from a previous study (Clausen
et al. 2020) considering four categories with basis on the
number and the intensity of the immunoreactivity (IR):
0=no immunoreactive cells; 1 =weak IR; 2=moderate IR;
3 =intense IR. Three sections were scored per animal. Three
to four animals per group were analyzed.

Astrocytes counting and morphological analyses

Digital images were acquired using a digital camera coupled
to an Olympus BX-41 microscope using a 20 X objective
lens. Four or five animals per group were analyzed. Three
randomly selected fields were analyzed in the cortex in non-
adjacent sections and two in each hippocampal region—CA1
and Dentate Gyrus. All the GFAP™ cells of the fields were
counted. Results were expressed as the number of GFAP*
cells per field. The images were analyzed using the Imagel
software (Schneider et al. 2012).

Morphologic analysis was performed on 10-15 astrocytes
of each animal. Three animals per group were analyzed.
Images were analyzed using Image-Pro Plus software. For
a general analysis of astrocytic ramifications, we used an
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adaptation of Sholl's concentric circle technique (Fig. 1)
(Sholl 1953; Dall'Oglio et al. 2008). Shortly, the area around
each astrocyte was divided into 4 quadrants, 2 laterals (i.e.,
right/left) and 2 central (i.e., top/bottom). Following, around
10 virtual circles with 2 pm intervals were drawn around
each cell. All the processes extending directly from the soma
were counted to quantify the number of primary ramifica-
tions. The longest primary process of the central and lat-
eral quadrants was measured by tracing the process with an
automated measurement tool; then, the results were summed
to find the total length of the longest primary processes.
Finally, the number of intersections of astrocytic processes
with each virtual circle was quantified in all quadrants.

IL-6 dosage

Levels of inflammatory cytokine IL-6 were quantified in the
cerebral cortex by ELISA (Invitrogen, USA) following the
manufacturer’s instructions.

Zinc and BCAA determinations

Zinc content in the cerebellum was determined by flame
atomic absorption spectrometry (FAAS) analysis using
acid digestion. Nitric acid (65%, v:v) was added to sam-
ples, which were heated at 100 °C for 90 min. The determi-
nation of Zn was performed in a flame atomic absorption
spectrometer (Shimadzu, model AA 7000F) equipped with

Fig.1 Schematic representa-
tion of Sholl circles analysis.
Morphology of GFAP + cells
were evaluated considering the
following parameters: number
of primary ramifications; total
length of the longest process of
the central and lateral quad-
rants; and the number of process
intersections

Lateral

a hollow cathode lamp and a deuterium lamp as a back-
ground corrector. The wavelength used was 213.9 nm. The
current of the hollow cathode lamp was 8 mA for Zn, while
the slit width of the monochromator was 0.7 nm. The mix-
ture of gases was composed of air and acetylene. To carry
out the analyzes, the analytical curve was performed with
a standard Zn stock solution of 1000 mg/L (Merck) with a
purity level of 99.9%.

BCAA content in the central nervous system was meas-
ured by UHPLC-ESI-MS/MS analysis. Briefly, cerebellum
samples (300 mg) were homogenized with 1 mL of deion-
ized water, frozen in liquid nitrogen, and kept under -80 °C
until processing. Aliquots containing 10 pL of the obtained
homogenates were added to 90 pL of an aqueous solution
containing 0.1% formic acid and centrifuged at 9000 g for
10 min. The supernatants were collected to quantify the
amino acids. The analytical system consisted of a Nexera
UFLC system coupled to an LCMS-8040 triple quadrupole
mass spectrometer (Shimadzu, Kyoto, Japan). The electro-
spray parameters were set in the positive ion mode as fol-
lows: capillary voltage, 4500 V; desolvation line tempera-
ture, 250 °C; heating block temperature, 400 °C; drying gas,
18 1/min; and nebulizing gas, 2 1/min. Collision-induced
dissociation was obtained with 230 kPa argon pressure.
Analyses were carried out with multiple reaction moni-
toring (MRM) by using the following [M + H]* fragmen-
tations: m/z 117.9 — 72.1 for detection of valine; and m/z
131.9—86.1 for detection of isomers leucine and isoleucine.

Central

Lateral

No of primary ramifications
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The calibration curves were constructed at the intervals of 2
to 14 ng for each amino acid. The chromatographic separa-
tion was achieved with a 250X 4.6 mm i.d., 5 pm, Shim-pack
ODS column (Shimadzu, Kyoto, Japan) isocratically eluted
with an aqueous solution containing 10% of methanol and of
0.1% formic acid at a flow rate of 500 pL/min and 20 °C. For
data evaluation, LabSolutions software (Shimadzu, Kyoto,
Japan) was used for the data treatment.

Statistical analyses

The normality of data was analyzed by Kolmogo-
rov—Smirnov test. Two-way ANOVA followed by Bonfer-
roni post hoc test was used for most of the analysis. Treat-
ment (vehicle, BCAA, or zinc) and diet (SD or HFD) were
used as main effects for ANOVA. The data are expressed as
mean + SEM. GraphPad Prism 9.0 was used for the statisti-
cal analyses. The significance level was set at p <0.05.

Results

In a previous study, we showed that HFD-fed rats had higher
weight gain and visceral adiposity than the SD group, and
Zn treatment could revert these results in obese rats. On the
other hand, BCAA did not exert any effect on these measure-
ments (Thoen et al. 2018). The present study evaluated the
effect of Zn or BCAA supplementation associated with HFD
on memory and neuroinflammatory markers.

Zinc and BCAA content were measured in the cerebel-
lum to confirm that the supplementation reached the CNS
(Table 1). The amount of Zn in the tissue of the Zn-treated
rats was significantly higher when compared to rats that
received the vehicle. Similar results were found for BCAA-
treated rats, where isoleucine was significantly higher in the
cerebellum of supplemented animals.

The object recognition test was performed to evalu-
ate the long-term memory of rats (Fig. 2). There was no
difference among the groups in the total exploration time
independently of the diet and/or supplementation (inter-
action: F2,23=0.154, p=0.858, Fig. 2A). Nonethe-
less, an interaction between diet and supplementation
(Zn or BCAA) was found in the object recognition index

(interaction: F2,24=6.165, p=0.0069, Fig. 2B). Bonfer-
roni post hoc evidenced that the HFD + BCAA group had
reduced recognition index (RI) compared to the SD+BCAA
group (p =0.0060), and HFD + Zn rats showed a signifi-
cant increase in the RI compared to the HFD + vehicle
(p=0.0247) and HFD + BCAA (p=0.0091) groups. There-
fore, Zn treatment can improve memory in obese rats. On
the other hand, no positive effect was found after BCAA
supplementation.

To investigate the neuroinflammatory state in the
brain following HFD, we assessed IL-6 protein levels in
the cerebral cortex through an ELISA assay. We found
higher levels of IL-6 in the cerebral cortex following the
HFD (diet effect: F 1,27=15.348, p=0.0286, Fig. 3), and
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Fig.2 Zn supplementation improved object recognition memory
in HFD-fed rats. A) There was no difference in the total exploration
time (novel and familiar objects) among the experimental groups. B)
Object recognition index was higher in the HFD+Zn group com-
pared to HFD + vehicle and HFD+BCAA. Data are expressed as
mean+SEM. * (p<0.05) when compared to HFD+ vehicle and
HFD+BCAA; ** (p<0.01) when compared to SD+BCAA. SD,
standard diet. HFD, high-fat diet. n=5-6/group

Table 1 Content of Zn and

. Vehicle Zn-treated BCAA-treated p-value
BCAA in the cerebellum of
vehicle and Zinc or BCAA- Zinc (uglg) 9.87+0.51 20.17 +2.82% - 0.011
treated rats Valine (ng/mg) 31.847.42 ; 34.16+5.53 0715
Leucine (ng/mg) 60.15+17.24 - 59.25+10.97 0.967
Isoleucine (ng/mg) 15.15+0.32 - 25.25+2.7% 0.02

Data are expressed as mean +SEM. * p <0.05. Zn determination: n=6-9/group; valine, leucine and isoleu-

cine determinations: n=3/group
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neither Zn nor BCAA could reverse it (supplementation
effect: F 2,27=1.302, p=0.289). We also analyzed IL-1f
immunoreactivity in the cerebral cortex and hippocam-
pus (Fig. 4). In the cerebral cortex (Fig. 4A), there were
a diet (F 1,84=41.54, p<0.0001) and supplementation
(F 2,84=17.464, p=0.0010) effects. HFD + vehicle and
HFD + BCAA IL-1p immunoreactivity were higher than
HFD +Zn (p=0.0025 and p=0.0138, respectively). All
HFD groups showed increased IL-1 immunoreactivity in
the cerebral cortex in comparison to their SD-fed counter-
parts. Similarly, in the hippocampus, we also show a diet
(F 1,69=8.265, p=0.0054) and a supplementation (F
2,69=4.361, p=0.0165) effects (Fig. 4B). The post hoc test

8-
e \ehicle
A

6 . ® Zn
2 A BCAA
£ mm e i m
g 4+ LA ) A .
1.? [ ]
=I ﬂ . ﬁ .

24 ry

0 SD HFD

Fig.3 IL-6 levels in the cerebral cortex increased following HFD.
There was a diet effect on the IL-6 levels with no effect of Zn nor
BCAA supplementation. No differences were found in the post hoc
test. SD, standard diet. Data are expressed as mean+SEM. HFD,
high-fat diet. n=5-6/group

Fig.4 IL-1p immunoreactivity
in the cerebral cortex (upper)
and hippocampus (lower). A) A
diet and supplementation effects = Zn
were found in the cerebral cor- 41 Beaa
tex, and Zn treatment reduced
IL-1p immunostaining in obese
rats. B) In the hippocampus,

it was also showed diet and
supplementation effects, but
not only Zn but also BCAA
decreased IL-1p immunoreac-
tivity in HFD-fed animals. Data
are expressed as mean +SEM.
* (p<0.05) when compared to
HFD +Zn and SD groups; #

(p <0.05) when compared to all
groups. Scale bar=50 pm. SD,
standard diet. HFD, high-fat
diet. n=4-5/group

>

e Vehicle

IL-1B score
N © >
>

-

333 nf

IL-1B score

@ Springer

showed that the HFD group had increased IL-1f3 immuno-
reactivity compared to all the other groups (HFD + vehicle
vs. HFD +Zn: p =0.0046; HFD + vehicle vs. HFD + BCAA:
p=0.0323; HFD + vehicle vs. SD + vehicle: p=0.0015).
Therefore, HFD consistently increased neuroinflammation.

We also investigated the astrocytes morphology changes
in response to HFD in the cerebral cortex and different
regions of the hippocampus. Therefore, we performed the
counting of astrocytes and morphological evaluation through
Sholl circles. We found decreased GFAP positive cells in the
cerebral cortex following HFD (diet effect, F1,77=16.73,
p=0.0001, Fig. 5A) with no Zn or BCAA supplementa-
tion effect (F2,77=0.3268, p=0.72). Post-hoc analyses also
demonstrated that the HFD + vehicle group had decreased
GFAP positive cells than SD + vehicle (p =0.0068). In the
hippocampus, the dentate gyrus and CA1 areas were evalu-
ated. Both dentate gyrus and CA1 showed a supplementation
effect (dentate gyrus: F2,72=6.720, p=0.0021, Fig. 5B;
CAl: F2,75=4.447, p=0.015, Fig. 5C). Divergent from
what we found in the cerebral cortex, in the dentate gyrus,
multiple comparisons demonstrated that both HFD + Zn
(»=0.0372) and HFD + BCAA (p=0.0111) had reduced
GFAP positive cells compared to HFD + vehicle. A similar
pattern was found in CA1, where HFD +Zn (p =0.0336)
had reduced GFAP + cells compared to HFD + vehicle.
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Fig. 5 Immunohistochemistry
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Therefore, we were able to show that the effects of diet and
treatments depend on the area of the brain, and both diet
and treatment can result in changes in astrocytes number in
aregion-dependent way.

Further, we investigated how diet or Zn and BCAA
treatments could impact astrocyte morphology using
Sholl circles analysis. The number of primary ramifica-
tions from the soma, total length, and the total number
of intersections of astrocytic processes were measured.
In the cerebral cortex, the HFD affected all morphologi-
cal parameters evaluated. We found reduced number of
ramifications (F1,169=18.39, p <0.0001, Fig. 6A), total
length (F1,167=18.17, p <0.0001, Fig. 6B) and number
of intersections (F1,167=47, p <0.0001, Fig. 6C) follow-
ing HFD. Post hoc tests showed that the number of pri-
mary ramifications in the HFD + BCAA group was lower

than SD + BCAA (p=0.0005). The total length of astro-
cytes in the HFD + Zn and HFD + BCAA groups were
decreased compared to the SD 4+ Zn group (p =0.0207)
and SD + BCAA (p=0.0032), respectively. Similarly, the
number of intersections of HFD +Zn and HFD + BCAA
were lower than SD +Zn (p <0.0001) and SD + BCAA
(p <0.0001) groups, respectively. In the dentate gyrus,
there was an interaction in the number of intersections
(Interaction: F2,180=3.357, p=0.037, Fig. 6F). Post-
hoc analysis showed that HFD + BCAA had an increased
number of intersections than the SD + BCAA group
(p=0.0360). In the CA1 area, the number of primary
ramifications (Fig. 6G) and the number of intersections
(Fig. 6I) were not affected by diet and Zn and BCAA
treatments. However, an interaction in the total length of
the ramifications (Interaction: F2,237=10.37, p <0.0001,
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Fig.6 Sholl circles analysis of astrocytes. (A-C) Morphologi-
cal analysis of the astrocytes in the cerebral cortex. HFD decreased
astrocyte arborization, as showed by all parameters evaluated. (D-E)
Morphological analysis of the astrocytes in the dentate gyrus of the
hippocampus. HFD increased the number of process intersections,
and only Zn supplementation could reverse it. (G-I) Morphological
analysis of the astrocytes in the CAl area of the hippocampus. HFD

Fig. 6H) was observed. Multiple comparisons showed that
HFD + vehicle caused a decrease in the dimension of the
ramifications compared to SD + vehicle (p =0.0281).
Also, HFD + BCAA had increased dimension of rami-
fications compared to HFD + vehicle (p =0.0233) and
SD + BCAA (p=0.0055); and SD + BCAA group was
decreased compared to SD + vehicle (p =0.0057).

A summary of all morphological findings is shown in
Table 2. These results corroborate the findings regarding
cell number by demonstrating that the effects of HFD and
treatments are dependent on the region analyzed.

decreased the total length of the longest ramifications. Only BCAA
supplementation could reverse it. Data are expressed as mean + SEM.
* (p<0.05) ** (p<0.01) *** (p<0,001) when compared SD and
HFD with the same treatment. # (p <0.05) ## (p <0.01) when com-
pared with HFD vehicle. && (p<0.01) when compared with SD
vehicle. SD, standard diet. HFD, high-fat diet. n =4-5/group

Discussion

It is well established that obesity causes memory impair-
ment (Cordner and Tamashiro 2015; Heyward et al. 2016;
de Andrade et al. 2017). Multiple mechanisms are involved
in obesity-related memory decline, and neuroinflammation
is the most prominent (Leigh and Morris 2020). Related
molecular features include deficits in synaptic plasticity,
reduced hippocampal neurogenesis, epigenetic mechanisms,
and alterations in the expression of memory-associated
genes (Fischer et al. 2007; Heyward et al. 2016).

Table2 Summary of

. . Astrocyte number Morphology
morphological analysis of
GFAP positive cells No primary ~ Total Length No intersections
ramifications
Cerebral cotex Diet Effect Diet Effect Diet Effect Diet Effect
HFD | HFD | HFD | HFD |
Hippocampus Dentate gyrus Treatment Effect ~ No Effect No Effect Interaction
Zn | BCAA | HFD 1 Zn |
CAl Treatment Effect ~ No Effect Interaction No Effect
Zn | BCAA | HFD | BCAA 1
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In the present study, we show that 4 weeks of Zn sup-
plementation could improve the recognition memory of
HFD-fed rats. It has been shown that Zn is fundamental
for maintaining body homeostasis (Plum et al. 2010; Port-
bury and Adlard 2017). In obesity, there is an imbalance of
Zn and a decrease in the expression of genes that regulate
intracellular homeostasis of this mineral in the brain (Costa-
relli et al. 2010; Olesen et al. 2016). Cope et al. (2011) had
demonstrated that 4 weeks of Zn supplementation improved
spatial memory and learning after traumatic brain injury
in rats (Cope et al. 2011). Moreover, one of our previous
studies also demonstrated the cognitive benefits of Zn sup-
plementation on Cafeteria Diet-fed rats (de Oliveira et al.
2021). The mechanism by which Zn affects memory is still
poorly understood. However, intracellular Zn** signaling
in the hippocampus is required for cognition and related to
object recognition test performance, possibly acting through
the long-term potentiation modulation (Tamano et al. 2015;
Tamano et al. 2016). Therefore, Zn supplementation could
be a promising strategy to ameliorate cognitive disorders
found in obesity.

On the other hand, BCAA supplementation could not
to improve recognition memory after HFD. In a model of
Alzheimer's disease, Tournissac et al. (2018), also found
no benefits on the object recognition test performance after
supplementation with BCAA (Tournissac et al. 2018).
BCAA reaches the CNS through an amino acid transporter
in the BBB, which is also responsible for transporting other
amino acids such as tryptophan (a precursor of serotonin)
and threonine. Thus, the supplementation of BCAA can
reduce the brain uptake of those amino acids (Coppola et al.
2013). A high level of threonine in the brain is related to
better results in the object recognition test, and serotonin
also affects behavior (Coppola et al. 2013; Scaini et al. 2014;
Tournissac et al. 2018). Hence, this may be the reason why
we did not find an improvement of the object recognition
index after 4 weeks of BCAA supplementation.

Metabolic inflammation caused by obesity increases the
peripheral and central levels of pro-inflammatory cytokines
such as IL-6 and IL-1 (Ellulu et al. 2017; Rhea et al. 2017).
Here we found higher levels of IL-1f immunolabeling in
both the cerebral cortex and hippocampus and increased
levels of IL-6 in the cerebral cortex following HFD. Hip-
pocampus is highly susceptible to obesogenic diets. It is
described that markers of inflammation are augmented in
the hippocampus earlier than in the hypothalamus or perirhi-
nal cortex (Beilharz et al. 2016). These signs of inflamma-
tion corroborates with the recognition memory impairment
following HFD and are in line with the neuroinflammatory
hypothesis of obesity-driven cognitive deficit (Guillemot-
Legris and Muccioli 2017).

Zn supplementation improved the performance in the rec-
ognition object test and was shown to reduce levels of IL-1

in both the cerebral cortex and hippocampus. Although
BCAA also reduced hippocampal levels of IL-1, it did not
sufficiently improve memory of obese rats. Furthermore,
we have previously demonstrated that Zn treatment reverted
metabolic dysfunction caused by HFD (Thoen et al. 2018).
However, here we show that it was not sufficient to prevent
the increase in cortical levels of IL-6. We hypothesize that
Zn supplementation may be providing its beneficial effect on
memory through a mechanism involving the brain-derived
neurotrophic factor (BDNF) and metalloproteinase-9, both
important modulators for learning and memory since Zn
can activate this pathway, enhancing synaptic plasticity
and, thus, neuronal functioning (Frazzini et al. 2018). On the
other hand, BCAA administration did not alter the memory
outcome and the obesity-related increase of IL-1f and IL-6
in the cerebral cortex. High doses of BCAA can alter the
inflammatory profile in the rats’ cerebral cortex and hip-
pocampus and mixed glial cell cultures (De Simone et al.
2013; Rosa et al. 2016). However, those changes seem insuf-
ficient to revert the detrimental effects of obesity.

Astrocyte activation is another feature of neuroinflamma-
tion caused by obesity (Buckman et al. 2013). Despite the
changes in glial cells being more prominent in the hypothal-
amus in obesity, HFD may affect differently distinct brain
areas (Lizarbe et al. 2018). Previous studies have found an
altered number of GFAP positive cells in the cerebral cor-
tex after an HFD (Tomassoni et al. 2013; de Andrade et al.
2017), which corroborates with our findings. This feature
may be related to reactive astrocytes, which are widely asso-
ciated with neurodegenerative disorders (Sofroniew 2014).
In the present study, we showed that HFD did not change
the number of GFAP™ cells in the hippocampus, whereas
it caused a decrease in the number of astrocytes in the cer-
ebral cortex. Curiously, both BCAA and Zn supplementa-
tion decreased the number of astrocytes in the hippocampus
without interfering in the cortical number of these cells. It
is well known that obesity leads to cerebral atrophy both in
humans and animal models, which can be related to a disrup-
tion in cerebral vascular function and inflammation (Gémez-
Apo et al. 2021). Nevertheless, the underlying mechanisms
are not entirely understood (Gunstad et al. 2008; Raji et al.
2010; Nguyen et al. 2014). It is reasonable to suppose the
effects of HFD administrated in combination with a high
fructose and sucrose solution are more harmful than fed ani-
mals exclusively with an HFD. Thus, a process of cerebral
atrophy promoted for that diet could explain the reduction
observed in the number of cortical astrocytes.

When using Sholl’s method to analyze astrocytes, we
found that HFD not only reduced the number of GFAP
cells in the cerebral cortex, but it also reduced astro-
cytic arborization. Regarding the hippocampus, in the
CA1 region, HFD reduced astrocytic arborization and it
was reversed with BCAA supplementation. Gzielo et al.
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(2017), also found that obesity affects the morphology of
the astrocytes in the CA1 area (Gzielo et al. 2017). There-
fore, our findings indicate that following HFD, BCAA sup-
plementation could avoid the decline in astrocyte arbori-
zation. On the other hand, HFD increased the number of
processes intersections in the dentate gyrus, indicating a
rise in astrocytes arborization. In this case, only Zn sup-
plementation was able to reverse this effect. Thus, both
treatments had some effect on reversing the HFD-elicited
morphological changes in the hippocampus. In the cerebral
cortex, all morphological parameters analyzed decreased
after HFD, and none of the supplementations affected it.
These results agree with the reduced number of astrocytes
also described here, and it provides additional support to
the hypothesis of cortical atrophy. Recent studies suggest
that obesity-related astrocyte reactivity is area-dependent
(Tsai et al. 2018), and our findings corroborate with it.

The results reported here should be considered in light
of some limitations. Our study does not indicate the long-
term effects of the treatments on neuroinflammation and
memory. Also, besides being a fundamental tool, ani-
mal model studies should be carefully considered when
translated to humans. The Zn and BCAA dosage were
previously investigated based on their beneficial effects
on metabolic parameters and oxidative stress of HFD-fed
obese rats (Thoen et al. 2018). In humans, although Zn
has been found to improve glycemic control (Cruz et al.
2017; Wang et al. 2019), decrease body weight (Abdollahi
et al. 2020) and even to improve depressive symptoms in
overweight/obese subjects(Solati et al. 2015; Yosaee et al.
2020). Even that Zn is commonly used as a supplement, to
our knowledge, no study has assessed its cognitive effects.
It is not clear in the literature the precise dosage of Zn to
ensure safe and efficient treatment for cognitive decline
related to human obesity. Therefore, new clinical studies
are necessary to evaluate the effects of the BCAA or Zinc
supplementations by dose and period in obese subjects and
its long-term effects.

In conclusion, our study provides additional evidence
on obesity-driven neuroinflammation, which is known to
increase the risk of neurological diseases. Therefore, the
search for treatments capable of minimizing or reversing
the impact of obesity in the CNS is paramount. Here we
show that Zn supplementation was able to ameliorate
recognition memory decline related to obesity in rats.
Also, the ability of BCAA and Zn supplementation to
affect IL-1p immunoreactivity and astrocyte morphology
was demonstrated. Future studies are needed to clarify
the mechanisms by which Zn promotes memory
improvement in obesity. However, we can presume that
Zn supplementation may be a potential target for human
therapeutic intervention.
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