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Abstract

Obesity causes inflammation in the adipose tissue and can affect the central nervous system, leading to oxidative stress and
mitochondrial dysfunction. Therefore, it becomes necessary to seek new therapeutic alternatives. Gold nanoparticles (GNPs)
could take carnitine to the adipose tissue, thus increasing fatty acid oxidation, reducing inflammation, and, consequently,
restoring brain homeostasis. The objective of this study was to investigate the effects of GNPs associated with carnitine on
the neurochemical parameters of obesity-induced mice. Eighty male Swiss mice that received a normal lipid diet (control
group) or a high-fat diet (obese group) for 10 weeks were used. At the end of the sixth week, the groups were divided for
daily treatment with saline, GNPs (70 pg/kg), carnitine (500 mg/kg), or GNPs associated with carnitine, respectively. Body
weight was monitored weekly. At the end of the tenth week, the animals were euthanized and the mesenteric fat removed and
weighed; the brain structures were separated for biochemical analysis. It was found that obesity caused oxidative damage and
mitochondrial dysfunction in brain structures. Treatment with GNPs isolated reduced oxidative stress in the hippocampus.
Carnitine isolated decreased the accumulation of mesenteric fat and oxidative stress in the hippocampus. The combination
of treatments reduced the accumulation of mesenteric fat and mitochondrial dysfunction in the striatum. Therefore, these
treatments in isolation, become a promising option for the treatment of obesity.
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excess fat is routed to more harmful adipose tissue depots
such as visceral adipose tissue [5]. The expansion of visceral
adipose tissue occurs almost exclusively through adipocyte
hypertrophy [6]. Adipocyte hypertrophy in obesity is a com-
plex phenomenon expressed not only by an increase in the
size of individual cells but also by remodeling of adipose
tissue, leading to tissue hypoxia [7].

In addition, this remodeling of adipose tissue leads to the
recruitment from the bloodstream and infiltration into the
tissue of monocytes, giving rise to tissue macrophages [8].
These macrophages express the M1 phenotype, i.e., present
a pro-inflammatory profile which are responsible for the
increase in the production of pro-inflammatory cytokines
such as the alpha tumor necrosis factor (TNF-a), interleu-
kin (IL)-1p, and IL-6, which can block the effects of insu-
lin action in the adipocytes and generate reactive oxygen
species (ROS), such as nitric oxide (NO), via nitric oxide
synthase (iNOS) activation, leading to a pro-inflammatory
condition [9, 10].

The inflammation resulting from obesity does not only
occur at the systemic level, but can affect the central nerv-
ous system (CNS). Therefore, this inflammation can cause
damage to the blood-brain barrier (BBB), allowing the pas-
sage of pro-inflammatory cytokines from the periphery to
the CNS, generating neuroinflammation [11]. This neuro-
inflammation initially affects the hypothalamus causing the
interruption of hypothalamic signals of satiety and perpetu-
ation of excessive eating [12]. Consequently, this inflam-
mation affects other brain structures, causing damage to the
prefrontal cortex, the hippocampus, and the striatum; these
are regions participating in the reward system, as well as
cognition and memory [13].

In obesity, the signaling of these pro-inflammatory
cytokines, as well as the excess nutrients ingested, leads to
the formation of ROS, through different intracellular path-
ways. Indeed, oxidative stress is present in obesity, which
can lead to oxidation of biomolecules, such as lipids, pro-
teins, and DNA, with consequent loss of their biological
functions [14]. Furthermore, oxidative stress is associated
with mitochondrial dysfunction, affecting production of
adenosine triphosphate (ATP) [15]. Therefore, oxidative
stress and compromised oxidative phosphorylation may be
linked to the development of obesity and related metabolic
disorders, which bear implications for the obesity treatment
[16].

The initial treatment of obesity is based on lifestyle
changes, that is, changes in dietary patterns, such as a reduc-
tion in calories ingested, associated with regular physical
activity [17]. However, lifestyle changes alone are not
always effective. For this reason, pharmacological options
are commonly associated in the treatment. However, cur-
rent pharmacological treatments for obesity are known to
cause several side effects, and their continuous use for long

periods is not recommended [18]. Therefore, it is necessary
to implement new therapeutic options, which aim not only
at weight loss but also at restoring metabolic homeostasis.
To this end, new therapies have shown to be of interest,
specifically nanotechnology, in which materials with sizes
from 1 to 100 nm are used to serve as diagnostic tools for
diseases, or to deliver therapeutic agents to specific locations
in a controlled manner [19].

Among the nanoparticles, gold nanoparticles (GNPs)
stand out for their antioxidant and anti-inflammatory prop-
erties [20]. In this connection, a study indicated that in
obese Swiss mice, intraperitoneal administration of GNPs
for 14 days led to a significant concentration of GNPs in
the adipose tissue, which may be useful for the treatment of
inflammation associated with obesity [21].

The use of GNPs In animal models of obesity has been
shown to be effective in preventing weight gain, reducing fat
deposition, reducing metabolic inflammation, and improving
glucose tolerance and insulin sensitivity [22, 23]. Further-
more, the peripheral effects of GNPs can be found at the
CNS level, since GNPs easily cross the BBB [24]. That said,
a study demonstrated that the administration of GNPs was
effective in reducing the damage caused by a high-fat diet,
reducing oxidative stress and brain inflammation, mainly
evidenced by the reduction in IL-1p and TNF-« levels in
brain structures of mice with obesity treated with GNPs
[21]. Thus suggesting an effect of GNPs in reducing neuro-
inflammation caused by obesity [25].

In addition, GNPs have the ability to carry drugs and
biomolecules to target tissues and cells, easily conjugat-
ing to oligonucleotides, proteins, and peptides [26]. Carni-
tine, as it is a dipeptide, has a high potential for binding to
GNPs. Furthermore, carnitine’s main function is to transport
long-chain fatty acids from the cytosol to the mitochondrial
matrix, where B-oxidation occurs [27]. Furthermore, car-
nitine may work as an antioxidant and anti-inflammatory
compound [28]. Thus, it is expected that the combination of
GNPs with carnitine can impact adipose tissue inflamma-
tion, and, therefore, reestablish brain functionality.

Materials and Methods
Experimental Model

The present work is an experimental obesity animal model
study in which mice were fed a high-fat diet and treated
with GNPs associated with carnitine. Eighty male Swiss
mice (Mus musculus species) with 40 days of life, weighing
around 30 to 40 g each, were used. The animals were kept
in cages lined with wood shavings, with a maximum capac-
ity of 5 mice that were kept in light—dark cycles of 12 h and
temperature of 23 + 1 °C. They had free access to water and
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feed. The animals were supplied by the Animal Facility of
the Universidade Federal de Santa Catarina (UFSC, Fed-
eral University of Santa Catarina) and were housed in the
Experimental Animal Facility of the Universidade do Sul
de Santa Catarina (UNISUL, University of Southern Santa
Catarina), Tubardo campus.

Study Design

Initially, the animals were weighed and separated into two
groups: the control group (n =40) who received a stand-
ard diet, and the obese group (n=40) who received a high-
fat diet. Then, the protocol for the induction of obesity in
the animal model began and lasted 10 weeks. During that
period, the animals were fed a high-fat diet. The protocol for
inducing obesity was based on previous studies [29]. Thus,
to confirm the animal model of obesity, the body weight was
checked weekly throughout the experiment.

At the end of the sixth week, treatment with GNPs asso-
ciated with carnitine was started. The animals were again
separated into the following groups: control group + saline
(Control—Sal); control group + GNPs (Control—
GNPs); control group + carnitine (Control—Carn); con-
trol group + GNPs + carnitine (Control—GNPs + Carn);
obese group + saline (Obese—Sal); obese group + GNPs
(Obese—GNPs); obese group + carnitine (Obese—Carn);
obese group + GNPs + carnitine (Obese—GNPs + Carn);

all groups included n = 10 each. The groups received, intra-
peritoneally, once a day, a treatment with the following
concentrations: the GNP groups received 70 ug/kg [21] of
GNPs (20 nm); the carnitine groups received 500 mg/kg
[30] carnitine diluted in saline; the GNPs + carnitine groups
received 500 mg/mL of GNPs + carnitine. In the control and
obese groups, only saline was administered in parallel to the
treatment groups. Treatment lasted 4 weeks until the end of
the experiment (tenth week).

At the end of the experiment (tenth week), the animals
were weighed for the last time, and were then euthanized by
decapitation. The decapitation method of death is justified
by the fact that chemical methods, using drugs, interfere
with the biochemical analyses to be carried out in this study
[31] (Fig. 1).

Diets

The control-diet groups were offered a purified low-fat diet.
In the groups that received a high-fat diet, a purified high-fat
diet was offered. The diet food was purchased from a com-
pany specialized in the production of standardized diets for
animal studies (PragSolug¢des Biociéncias, Jau, SP, Brazil).
The high-fat diet supplied significantly more calories and
a higher amount of saturated fat than the control diet. Diet
composition was based on a previous study by Cintra et al.
and is described in Table 1 [32].
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Fig. 1 Experimental design of the study. Experimental procedure to
verify the effect of treatment with GNPs, carnitine, or a combination
of GNPs and carnitine on obesity. Initially, the animals were divided
into a control group and an obese group to begin the obesity animal
model induction protocol, which lasted 10 weeks. At the end of the
sixth week, treatment began, where the animals were divided again
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into the following groups: Control—Sal; Control—GNPs; Control—
Carn; Control—GNPs + Carn; Obese—Sal; Obese—GNPs; Obese—
Carn; Obese—GNPs + Carn. The treatment lasted 4 weeks, until the
end of the experiment (tenth week). At the end of the experiment, the
animals were euthanized, and the mesenteric fat and brain structures
were removed
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Table 1 Nutritional composition and caloric value of diets used per
1000 g of feed

Ingredients Control diet High-fat diet
g/kg kcal’/kg  g/kg kcal/kg

Corn starch 427.5 1710 115.5 462
Casein 200 800 200 800
Sucrose 132 528 132 528
Dextrinated starch 100 400 100 400
Soybean oil 40 360 40 360
Lard 0 - 312 2808
Cellulose 50 - 50 -
Mineral mix 35 - 35 -
Vitamin mix 10 - 10 -
L-cysteine 3 - 3 -
Choline bitartrate 2.5 - 2.5 -
Butyl hydroxytoluene  0.028 - 0.028 -
Total 1000.03  3.798 1000.03  5.358

Font: adapted from Cintra et al. [32]

Synthesis and Characterization of Gold
Nanoparticles

GNPs with an average size of 20 nm were synthesized from
the chemical reduction of the metallic precursor tetrachlo-
roauric acid (HAuCl4) (Sigma-Aldrich, MO, USA) with the
reducing agent and stabilizer sodium citrate (Nuclear, SP,
Brazil). Initially, 100 mL of tetrachloroauric acid was trans-
ferred to a round bottom flask; the solution was heated to
95 °C under stirring. The previously prepared sodium citrate
solution was then added, and the system was maintained at
the described temperature, under stirring for 20 min; accord-
ing to Turkerich et al. [33], the solution acquired a color
corresponding to the size of the solution.

The GNP solution was immediately characterized
employing ultraviolet—visible (UV-Vis) spectroscopy tech-
niques, via monitoring of the resonant plasmon surface band,
using a model UV-1800 spectrophotometer. For UV-visible
spectrometry, the measurement of the resonant plasmon sur-
face band was performed at room temperature in a spectro-
photometer, using a quartz cuvette with 1 cm optical path.
The electronic spectrum of the solution was in the range of
532 nm for 20 nm GNPs.

For the characterization of the nanoparticles, the zeta
potential was measured using a NanoBrook Omni equipment
(Brookhaven Instruments Corporation, NY, USA), with
temperature control and standard 40 mW red laser 640 nm;
measurements of electrophoretic mobility were performed
and the results were converted into potential value (mV) by
the equipment’s actual software; measurements were taken
in twenty cycles with 1-s interval for each cycle. Measure-
ments were performed on samples dissolved in deionized

water, for synthesized samples. The samples had their con-
centration adjusted to 1.0 mg/mL (mother solution), and then
diluted in the proportion of 1/30 for later reading. Readings
were taken at 25 °C.

Conjugation of Carnitine and Gold Nanoparticles

The conjugation of GNPs with carnitine was performed by
adding carnitine to GNPs; this mixture was stirred for 1 h
at room temperature, in order for the reaction to occur. The
carnitine concentration was 500 mg/mL in GNPs, which
was the previously tested minimum concentration capable
of binding to the nanoparticles [30]. This concentration cor-
responded to the same amounts as the individual treatments,
that is, the final solution was diluted with 500 mg of carni-
tine for each milliliter of GNPs, corresponding to 500 mg of
carnitine and 70 pg of GNPs for each milliliter of solution.

Removal, Weighing, and Storage of Tissues

After the animals’ euthanasia, the abdominal cavity was
opened and the adipose tissue of the mesenteric region,
located along the intestinal tract, was removed and weighed
on a high precision scale. Results were expressed in grams.
The animals’ brains were quickly removed, and the hypo-
thalamus, prefrontal cortex, hippocampus, and striatum
brain structures were separated forthwith. Then, the samples
were stored at — 80 °C for use in the biochemical analyses.

Analysis of Oxidant Production

The ROS production was determined by the intracellular
formation of 2',7'-dichlorofluorescein (DCF). Initially, the
samples were homogenized, then 2'7'-dichlorodihydrofluo-
rescein diacetate (DCFH-DA) was added and incubated
for 30 min at 37 °C. Fluorescence was determined using a
wavelength of 488 nm (excitation) and 525 nm (emission),
and the calibration curve was plotted using standard DCF
(10 uM) [34]. The results were expressed in fluorescence/
mg of protein.

The stable metabolite nitrite was evaluated as an indicator
of nitric oxide (NO) formation. In order to measure the nitrite
content, the samples were incubated with Griess reagent
(1% sulfanilamide and 0.1% N-1(naphthylethylenediamine)
at room temperature for 10 min and the absorbance meas-
ured at 540 nm. The nitrite content was calculated based
on a standard curve from O to 100 nM performed with the
metabolite sodium nitrite (NaNO,). The results were calcu-
lated in pmol nitrite/mg protein [35].

Analyses were normalized by protein content. Proteins
were determined by the method of Lowry et al. [36], and
bovine serum albumin was used as standard.
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Oxidative Damage Analysis

Oxidative damage to proteins was assessed by determin-
ing the carbonyl groups in oxidized proteins, based on the
reaction with dinitrophenylhydrazine, following the method
described by Levine et al. [37]. In this technique, proteins
were precipitated by adding 20% trichloroacetic acid and
dissolved in dinitrophenylhydrazine. Absorbance was read at
340 nm. The results were expressed in nmol of carbonylated
proteins per mg of protein (nmol/mg protein).

Antioxidant Enzyme Activity

The activity of the antioxidant enzyme superoxide dismutase
(SOD) was determined by the inhibition of adrenaline auto-
oxidation measured spectrophotometrically, as described by
Bannister and Calabrese [38]. The technique is based on the
inhibition of the reaction of the superoxide anion radical
(O,e-) with adrenaline, a compound that self-oxidizes with
pH variation. Adrenaline oxidation causes adrenochrome
formation; SOD activity was determined by measuring the
speed of adrenochrome formation, determined spectropho-
tometrically at 480 nm, in a reaction medium containing
glycine—NaOH (50 mM at pH 10.2) and 60 mM adrenaline.
The results were expressed in U/mg of protein.

Glutathione (GSH) levels were determined as described
by Hissin and Hilf [39]. GSH was measured after protein
precipitation with 1 mL 10% trichloroacetic acid. Next,
800 mM phosphate buffer, pH 7.4 and 500 pm of DTNB
were added. The resulting color development from the reac-
tion between DTNB and the thiols peaked within 5 min and
remained stable for over 30 min. Absorbance was read at
412 nm after 10 min. A reduced glutathione standard curve
was used to calculate the GSH levels in the samples. The
results were expressed in pmol/mg of protein.

SOD and GSH analyses were normalized by protein con-
tent. Proteins were determined by the method of Lowry et al.
[36], and bovine serum albumin was used as standard.

Activity of Succinate Dehydrogenase Enzyme

The succinate dehydrogenase (SDH) enzyme activity was
determined using the method described by Fischer et al. [40].
An incubation medium was added with: 62.4 mM pH7.4
potassium phosphate buffer, 250 mM sodium succinate, 2,6-
DCIP, and sample. The systems were preincubated for 20 min
at 30 °C in water bath; subsequently, 100 mM sodium azide,
1 mM rotenone, 2,6-DCIP, and phenazine methosulfate were
added. The reduction of 2,6-DCIP was determined at 600 nm
for 5 min in a spectrophotometer. Results were expressed in
nmol/min X mg protein. They were normalized by protein
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content. Proteins were determined by the method of Lowry
et al. [36], and bovine serum albumin was used as standard.

Activity of Mitochondrial Respiratory Chain
Complexes

Complex I activity was evaluated by the method described
by Cassina and Radi [41], by the NADH-dependent rate of
ferricyanide reduction. One hundred millimolars potassium
phosphate buffer, 10 mM ferricyanide, 14 mM NADH, 2 mM
rotenone, and sample were added to the reaction medium.
After adding all the reagents and the sample, the reading was
performed in a spectrophotometer every 1 min, for 3 min, at
420 nm.

Complex II activity was assessed using the method
described by Fischer et al. [40] by the reduction of 2,6-DCIP
absorbance. The sample was added to an incubation medium
containing 62.5 mM potassium phosphate buffer, 250 mM
sodium succinate, and 0.5 mM 2,6-DCIP; the solution was
then incubated for 20 min at 30 °C in water bath. After incu-
bation, 100 mM sodium azide, 2 mM rotenone, and again
0.5 mM 2,6-DCIP were added; a spectrophotometer reading
was taken every 1 min, for 5 min, at 600 nm.

Complex IV activity was determined according to the
technique described by Rustin et al. [42] and calculated by
the absorbance reduction caused by the oxidation of reduced
cytochrome c. Potassium phosphate buffer 62.5 mM, lauryl
maltoside 125 mM, the sample diluted with SETH buffer
(Sucrose, EDTA, Trizma base, and Heparin), and cytochrome
¢ 1% were added to an incubation medium, and then, the solu-
tion was read in a spectrophotometer every 1 min, for 10 min,
at 550 nm.

All activity analyses of mitochondrial respiratory chain
complexes were normalized for protein content. Proteins were
determined by the method of Lowry et al. [36], and bovine
serum albumin was used as standard. Activity results of all
mitochondrial respiratory chain complexes were expressed in
nmol/min X mg protein.

Statistical Analyses

Data analyses were performed using InStat Statistical Soft-
ware (GraphPad, La Jolla, CA, USA). Comparisons between
experimental groups were performed using two-way analysis
of variance (ANOVA) followed by Tukey’s post hoc. Results
were presented as mean + standard error of the mean (SEM),
and statistical significance was considered with p <0.05.
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Results

GNPs were synthesized and characterized, and the solu-
tion of GNP produced assumed a purple coloring, which is
characteristic of GNP to 20 nm. The size of the GNP was
characterized by measuring absorbance with wavelength
scan (A) from 400 to 700 nm in a spectrophotometer in
the UV-vis band. The GNP of 20 nm reached Absmax
440 and Amax of 525 nm. With the association of carni-
tine to GNP, they reached Absmax 259 and Amax offset
of 527 nm, proving a change in structure and suggest-
ing the interaction of molecules. The association of GNP
and carnitine was verified by the diameter of the molecule
and with the zeta potential identified, which calculates the
surface electrical potential, important to predict molecule
stability. Based on the results, GNP and GNP + carnitine
are stables and there was an association of GNP due to
differences in zeta potential and diameter.

Throughout the experiment, the animals’ body weight
was measured weekly. The animals began the experi-
ment with body weight without statistical difference.
From the beginning of the obesity induction protocol, the
animals in the Obese group showed greater body weight
when compared to the Control group until the sixth week
(p <0.0001). From the sixth week onwards, the animals
were divided again for treatment, the animals in the
groups that received a high-fat diet showed greater body
weight when compared to the Control—Sal group from
the seventh to tenth week of treatment, ending the experi-
ment in the tenth week with the Obese—Sal (p <0.0001),
Obese—GNPs (p <0.0001), Obese—Carn (p=0.0011),
and Obese—GNPs + Carn (p =0.0002) groups with body

Fig.2 Weekly weight monitor-
ing of mice submitted to a high

weight significantly greater than the Control—Sal group.
On the other hand, the groups that received a control diet
did not show a significant difference in body weight com-
pared to the Control—Sal group (Fig. 2).

At the end of the experiment, the animals’ mesenteric
fat was removed and weighed. A two-way ANOVA analy-
sis showed a significant effect of diet (F (1, 84)=154.0;
p<0.001) and intervention (F (3, 84)=3.589; p=0.02)
in the weight of mesenteric fat. Post hoc analysis revealed
that the animals in the groups that received a high-fat diet
showed greater accumulation of mesenteric fat, when com-
pared to the Control—Sal group (p=0.001). On the other
hand, the Obese—Carn and Obese—GNPs + Carn groups
showed a significant reduction in the accumulation of
mesenteric fat, when compared to the Obese—Sal group
(p=0.02). The Control—GNPs, Control—Carn, and Con-
trol—GNPs + Carn groups did not show a significant dif-
ference in mesenteric fat weight compared to the Control—
Sal group (Fig. 3). To analyze the production of oxidants,
the intracellular formation of DCF was initially evaluated.
The two-way ANOVA analysis demonstrated that there
was a significant effect of diet on the prefrontal cortex (F
(1, 34)=11.54; p=0.002) and in the hippocampus (F (1,
23)=7.441; p=0.0120) and effect of intervention on the
prefrontal cortex (F (3, 34)=4.22; p=0.01) and in the hip-
pocampus (F (3, 23)=12.81; p<0.0001), as well as a sig-
nificant interaction (F (3, 23)=23.04; p <0.0001) between
diet and intervention in the hippocampus. The post hoc test
showed in the prefrontal cortex the production of DCF was
reduced in the Obese—Carn group, compared to the Con-
trol—Sal (p =0.008) and Obese—Sal (p=0.01) groups; in
the Obese—GNPs + Carn group, the production of DCF was
reduced in relation to the Control—Sal group (p =0.05).

Weekly weight monitoring

fat diet and treated with GNPs, 70— &
carnitine, or combination of & & A X Control
GNPs and carnitine. *Signifi- A —- Obese
cant difference compared to the ‘
Control group; &significant 60 75 Obese - Sal
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group. Data were represented as %D * / % Obese-Cam
mean =+ SEM, p <0.05 (two-way 5 sod % / ) Obese - GNPs + Carn
ANOVA followed by Tukey’s R3) = Control - Sal
post hoc test) = X XX —
XX ¥ Control - GNPs
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Control - GNPs + Cam
X
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Fig.3 Mesenteric fat weight
of mice submitted to a high fat
diet and treated with GNPs,
carnitine, or combination of
GNPs and carnitine. *Signifi-
cant difference compared to the
control + saline (Control—Sal)
group; *Significant difference
compared to the obese + saline
(Obese—Sal) group. Data were
represented as mean + SEM,
p<0.05 (two-way ANOVA fol-
lowed by Tukey’s post hoc test)

Mesenteric fat (g)

Control

The other groups did not show a significant difference in
prefrontal cortex compared to the Control—Sal group.
When examining the hippocampus, it was noticed that the
Control—GNPs, Control—GNPs + Carn, Obese — Sal, and
Obese—GNPs + Carn groups showed greater production
of DCF compared to the Control—Sal group (p =0.0100,
0.0154, 0.0033, 0.0036, respectively). While the Obese—
GNPs and Obese—Carn groups showed a significant reduc-
tion in the production of DCF compared to the Obese—Sal
group (p=0.0005 and < 0.0001, respectively). Finally, in the
hypothalamus and striatum, no significant difference in DCF
production between the groups was found (Fig. 4A).

Still evaluating the production of oxidants, the stable
metabolite nitrite was assessed as an indicator of NO forma-
tion. It was possible to observe that there was no significant
difference in the structures, hypothalamus, prefrontal cortex,
hippocampus, and striatum between the groups (Fig. 4B).

The analysis of oxidative damage in proteins was evalu-
ated by the determination of carbonyl groups in oxidized
proteins, where in the hippocampus there was a significant
effect of the intervention (F (3, 25)=14.83; p <0.0001)
as well as a significant interaction (F (3, 25)=6.723;
p=0.0018) between diet and intervention in the hippocam-
pus. Still in the hippocampus, post hoc analysis revealed
the Control—GNPs + Carn and Obese—Sal groups pre-
sented greater protein carbonylation, when compared to the
Control—Sal group (p=0.0358 and 0.0147, respectively).
On the other hand, in the Obese—GNPs and Obese—Carn
groups, protein carbonylation was lower compared to
the Obese—Sal group (p=0.0150 and <0.0001, respec-
tively); the Control — GNPs, Control—Carn, and Obese—
GNPs + Carn groups did not show a significant difference in
relation to the Control—Sal. In the structures hypothalamus,
prefrontal cortex, and striatum, there was no significant dif-
ference in protein carbonylation between groups (Fig. 4C).

To evaluate the antioxidant defenses, the activity of the
SOD enzyme was initially. The two-way ANOVA analy-
sis demonstrated significant effect of intervention on the

@ Springer

Mesenteric fat weight

* %
Il Saline
T OH B GNPs
[ Carnitine
[ ] GNPs + Carnitine
Obese

hippocampus (F (3, 30)=4.442; p=0.0107) and striatum
(F (3, 35)=10.24; p<0.0001), as well as a significant
interaction between diet and intervention in the prefrontal
cortex (F (3, 36)=28.842; p=0.0002), hippocampus (F (3,
30)=4.049; p=0.0157), and striatum (F (3, 35) =7.646;
p=0.0005). The post hoc test showed that in the prefrontal
cortex the Obese—Carn group presented lower SOD activity
when compared to the Obese—Sal group (p=0.0270); in the
other groups, there was no significant difference in relation
to the Control—Sal group regarding the prefrontal cortex.
However, in the hippocampus, SOD activity increased in
the Obese—Carn group in relation to the Obese—Sal group
(p=0.0016); in the other groups, there was no significant
difference in relation to the Control—Sal group in the hip-
pocampus. When examining the striatum, it was noticed that
the SOD activity had increased in the Obese—Sal group
in relation to the Control—Sal group (p =0.0207), while
the Obese—GNPs and Obese—GNPs + Carn groups pre-
sented lower SOD activity when compared to the Obese—
Sal group (p=0.0103 and <0.0001, respectively); in the
Control—GNPs, Control—Carn, Control—GNPs + Carn,
and Obese—Carn groups, there was no significant differ-
ence compared to the Control—Sal group. Finally, in the
hypothalamus, there was no significant difference in SOD
activity between groups (Fig. 4D).

Still with regard to antioxidant enzymes, the activity of
GSH was evaluated. It was observed in the prefrontal cortex
significant effect of diet [F (1, 30)=16.50; p=0.0003] and
a significant interaction between diet and intervention [F
(3, 30)=7.167; p=0.0009]. Furthermore, in the prefron-
tal cortex the Obese—GNPs + Carn group demonstrated
reduced levels of GSH compared to the Control—Sal group
(p=0.0251). In the hypothalamus, hippocampus, and
striatum, no difference was observed between the groups
(Fig. 4E).

As for the activity of the SDH enzyme, showed a signifi-
cant effect of diet on the prefrontal cortex (F (3, 30)=7.167;
p=0.0136), hippocampus (F (1, 34)=19.94; p<0.0001)
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and striatum (F (1, 34)=46.38; p <0.0001), and a signifi-
cant effect of intervention on the prefrontal cortex (F (3,
34)=28.245; p=0.0003), hippocampus (F (3, 34)=4.837;
p=0.0066) and striatum (F (3, 34)=3.556; p=0.0243),
as well as a significant interaction between diet and inter-
vention in the striatum (F (3, 34)=3.969; p=0.0158). It
was observed that in the prefrontal cortex, there was an
increase in its activity in the Control—GNPs (p =0.0205),
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difference compared to the control+saline (Control—Sal) group;
#signiﬁcant difference compared to the obese+ saline (Obese—Sal)
group. Data were represented as mean+SEM, p<0.05 (two-way
ANOVA followed by Tukey’s post hoc test)

Control—Carn (p =0.0005), Control—GNPs + Carn
(p=0.0482), Obese—Sal (p =0.0266), Obese—GNPs
(p=0.0083), Obese—Carn (p =0.0016), and Obese—
GNPs + Carn (p=0.0002) groups in relation to the Con-
trol—Sal group. In the hippocampus, the Obese—Sal and
Obese—Carn groups showed less SDH activity in relation
to the Control—Sal group (p=0.0171 and 0.0193, respec-
tively); the other groups did not show significant difference
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in relation to the Control—Sal group. Regarding the stria-
tum, the Obese—Sal group showed increased activity of this
enzyme compared to the Control—Sal group (p =0.0264),
while the Obese—GNPs + Carn group showed greater
SDH activity compared to the Control—Sal (p <0.0001)
and Obese—Sal (p=0.0277) groups; the Control—GNPs,
Control—Carn, Control—GNPs + Carn, Obese + GNPs, and
Obese + Carn groups did not show a significant difference
compared to the Control—Sal group. In the hypothalamus,
there was no significant difference in SDH activity between
the groups (Fig. SA).

The mitochondrial respiratory chain complexes were
examined. Initially, complex I was evaluated, where the two-
way ANOVA analysis demonstrated significant effect of diet

on the hippocampus (F (1, 33) =13.65; p=0.0008) and stria-
tum (F (1,31)=40.21; p <0.0001), effect of intervention on
the prefrontal cortex (F (3, 31)=7.721; p=0.0005), in the
hippocampus (F (3, 33)=16.88; p<0.0001) and striatum
(F (3, 31)=8.669; p=0.0003), and significant interaction
between diet and intervention in the prefrontal cortex (F (3,
31)=5.973; p=0.0025), hippocampus (F (3, 33)=6.946;
p=0.0009), and striatum (F (3, 31) =6.906; p=0.0011).
The post hoc test showed that complex I reduced activity
in the prefrontal cortex in the Control—GNPs (p =0.0009),
Control—Carn (p =0.0020), Control—GNPs + Carn
(p=0.0006), Obese—Sal (p=0.0479), and Obese—Carn
(p=0.0088) groups in relation to the Control—Sal group,
and the Obese—GNPs and Obese—GNPs + Carn groups
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Fig.5 Analysis of energy metabolism in brain structures of mice
submitted to a high-fat diet and treated with GNPs, carnitine, or
combination of GNPs and carnitine. Succinate dehydrogenase
activity (A), complex I activity (B), complex II activity (C), com-
plex IV activity (D). *Significant difference compared to the con-
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were no different from the Control—Sal group. In the hip-
pocampus, complex I activity was increased in the Con-
trol—GNPs (p =0.0252), Control—Carn (p =0.0002),
and Obese—GNPs (p =0.0490) groups in relation to the
Control—Sal group, with no difference in the Control—
GNPs + Carn, Obese—Sal, Obese—Carn and Obese—
GNPs + Carn groups in relation to the Control—Sal group.
In the striatum, the activity of complex I increased in the
Obese—Sal (p=0.0116), Obese—GNPs (p <0.0001),
Obese—Carn (p=0,0005) groups when compared to
the Control—Sal group; on the other hand, the Obese—
GNPs + Carn group showed reduced activity of this com-
plex in relation to the Obese—Sal group (p =0.0042); the
Control—GNPs, Control—Carn and Control—GNPs + Carn
groups did not significantly differ from the Control—Sal
group. In the hypothalamus, no significant difference in com-
plex I activity between the groups was observed (Fig. 5B).

In the same way, complex II was analyzed and, showed a
significant effect of diet (¥ (1, 34)=65.81; p<0.0001) and
intervention (F (3, 34)=13.99; p <0.0001) on the prefrontal
cortex, and a significant effect of diet (¥ (1, 33)=55.88;
p <0.0001) on the striatum. The post hoc test showed that
complex II in the prefrontal cortex, the groups Control—
Carn (p=0.0056), Control—GNPs + Carn (p =0.0008),
Obese—Sal (p <0.0001), Obese—GNPs (p <0.0001)
and Obese—Carn (p <0.0001) presented increased activ-
ity of this complex when compared to the Control—Sal
group, whereas the Obese—GNPs + Carn group presented
increased activity of the complex I in relation to the Con-
trol—Sal (p <0.0001) and Obese—Sal (p =0.0049) groups;
the Control—GNPs group showed no significant difference
in relation to the Control—Sal group. In the striatum, the
Obese—Sal (p=0.0033) and Obese- GNPs (p =0.0080)
groups showed greater complex I activity compared to the
Control—Sal group, while the Control—GNPs, Control—
Carn, Control—GNPs + Carn, Obese—Carn and Obese—
GNPs + Carn groups were not significantly different from
the Control—Sal group. In the hypothalamus and hippocam-
pus, there was no significant difference in complex II activity
between the groups (Fig. 5C).

Finally, the activity of the complex IV was evaluated,
it was observed a significant effect of the diet on the hip-
pocampus (F (1, 27)=30.00; p <0.0001), and intervention
on the prefrontal cortex (F (3,26)=3.611; p=0.0265), hip-
pocampus (F (3, 27)=4.428; p=0.0118) and striatum (F (3,
30)=11.12; p<0.0001), as well as interaction between diet
and intervention on the prefrontal cortex (F (3, 26) =3.269;
p=0.0371) and striatum (¥ (3, 30)=4.481; p=0.0103). The
activity of complex IV in the prefrontal cortex the Control—
Carn (p =0.0240), Obese—Sal (p=0.0098), Obese—Carn
(»=0.0012) and Obese—GNPs + Carn (p =0.0436) groups
showed less activity when compared to the Control—Sal
group, the Control—GNPs, Control—GNPs + Carn and

Obese—GNPs groups did not show any evidence of being
different from the Control—Sal group. In the hippocampus,
the Obese—Sal and Obese—Carn groups showed reduced
activity in relation to the Control—Sal group (p =0.0062
and 0.0083, respectively); the other groups were not signifi-
cantly different from the Control—Sal group. In the stria-
tum only the Control—GNPs + Carn group showed reduced
activity compared to the Control—Sal group (p =0.0130).
In the hypothalamus, there was no significant difference in
complex II activity between the groups (Fig. 5D).

Discussion

In the present study, an animal model of obesity was used
involving the consumption of a high-fat diet, since this
model has considerable validity in human obesity [43].
Therefore, to evaluate the development of obesity, the body
weight of the animals was monitored throughout the experi-
ment; it was observed that the animals in the groups that
received a high-fat diet had higher body weight, compared
to the group that received a standard diet, from the first week
of obesity induction. These data corroborate the study by
Schraiber et al. [15], where Swiss mice fed with a high-fat
diet for 10 weeks showed greater body weight gain. On the
other hand, the 28-day treatment with GNPs, carnitine, or
with the combination of both, was not capable of reversing
the weight gain. In line with these findings, another study
carried out in our laboratory, with the administration of
GNPs for 14 days (70 pg/kg/day), was also unable to reverse
the body weight gain and the accumulation of mesenteric fat
caused by a high-fat diet [21].

The weight of mesenteric fat was also assessed in the
present study, in order to verify the accumulation of fat
generated by the consumption of a high-fat diet, given that
mesenteric fat is widely considered to be the most analo-
gous to human intra-abdominal adipose tissue, both in its
location and in its biology [44]. Therefore, these findings
demonstrated that the consumption of a high-fat diet led to
an increase in mesenteric fat, as already demonstrated in pre-
vious studies [15, 45]. On the other hand, obese animals that
were administered carnitine, associated or not with GNPs,
showed a reduction in mesenteric fat, in relation to the obese
group without treatment. This finding can be explained by
the fact that carnitine’s main function is to transport the fatty
acids present in the adipose tissue into the mitochondria,
thus causing their oxidation [27].

Although the reduction in mesenteric fat is not enough
to be equivalent to the control group, it is known that even
modest weight losses are associated with health benefits and
quality of life [46]. When above 5%, weight loss has sig-
nificant effects on metabolic markers such as HDL choles-
terol [47]. Weight losses above 10% have important effects
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on steatohepatitis [48], and a 21% reduction in the primary
outcome of cardiovascular events [49]. A loss of 11% in
weight was associated with a reduction of almost 23% in
intra-abdominal adipose tissue [50]. Furthermore, it is
known that high-fat diet consumption affects the CNS even
before leading to obesity. In fact, a study by Carraro et al.
[51] demonstrated that inflammation is the earliest mecha-
nism activated in the hypothalamus after the introduction of
high-fat diet, generating damage after 3, 6 and 24 h of diet
consumption. In the present study, did not demonstrate a
reverse of mesenteric fat accumulation due to the treatment
with GNPs alone; however, regardless of the reduction of
adipose tissue, the action of GNPs can still be seen at the
intracellular level in the CNS.

Studies demonstrate metabolic effects of consuming a
high-fat diet on the mesenteric adipose tissue of animals,
showing changes in oxidative stress parameters with an
increase in malondialdehyde equivalents and protein carbon-
ylation, and changes in energy metabolism with changes in
Krebs cycle enzymes [52], in addition to showing increased
inflammation in this tissue [53]. It is known that the meta-
bolic dysfunctions induced by the consumption of a high-
fat diet cause chronic low-grade systemic inflammation that
affects the entire body, including the CNS [54]. And, all
pro-inflammatory cytokine signaling resulting from obesity
can stimulate the production of ROS by macrophages and
monocytes [55]. In fact, in the present study, we can see
higher levels of DCF resulting from the consumption of a
high-fat diet in the hippocampus, with reversal after treat-
ment with separate GNPs and carnitine. This finding cor-
roborates the study by Pra et al. [21], where obesity induced
a greater production of DCF in brain structures, including
the hippocampus, and the treatment with GNPs proved to
be effective, reversing this increase of DCF. The mecha-
nism by which GNPs act in the formation of ROS has been
demonstrated in some studies, either because it is considered
an antioxidant agent, inhibiting ROS formation and scav-
enging free radicals [56], or by exhibiting mimetic activity
to antioxidant enzymes, interacting directly with O,--, and
hydroxyl radicals (OH-) to form fewer reactive by-products
[57]. The action of carnitine in reducing ROS corroborates
the study by Lee et al. [58], where they demonstrate that
carnitine was able to suppress the generation of ROS in renal
tubular cells treated with perfluorooctanesulfonate.

In obesity, besides inflammation leading to increased
production of ROS, mitochondrial overload also occurs
due to the high electrons availability. When the rate of elec-
tron transfer along the respiratory chain is not coordinated,
these electrons may escape from the complexes, resulting in
increased production of ROS [59]. However, the exacerba-
tion of reactive nitrogen species (RNS) in obesity condi-
tion is not clearly elucidated in the literature. In this study,
the levels of nitrite, which is a by-product generated when
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NO is produced, were not altered in brain structures, sug-
gesting that, in our study, obesity led to greater production
of ROS, but not RNS. One hypothesis would be RNS are
secondary metabolites of NO oxidation, and their presence
is associated with their overproduction by inducible nitric
oxide synthase (iNOS) or uncoupled by endothelial nitric
oxide synthase (eNOS) [60]. In obesity, NO bioavailability
is decreased in animal models [61] and humans [62]. How-
ever, it is also seen that the level of endogenously formed
peroxynitrite (ONOO —) increases in adipose tissue mainly
as a result of hyperglycemia. Once formed, ONOO — triggers
a vicious cycle, further decreasing NO bioavailability and
increasing nitro-oxidative stress [63].

With the greater production of ROS, there is a greater
tendency to cause further damage to proteins, since these
molecules seek to stabilize, leading to their oxidation, with
consequent loss of their biological function [64]. In our
study, to assess protein damage, we evaluated their carbon-
ylation. Protein carbonylation is considered one of the most
harmful irreversible oxidative protein modifications, and one
of the main hallmarks of disorders associated with oxida-
tive stress [65]. In this connection, it was noticed that in the
hippocampus, obesity led to greater protein damage, which
was significantly reversed with GNPs and carnitine separate
treatment; on the other hand, regarding the group treated
with GNPs and carnitine together, although we did not find
a significant difference in relation to the obesity group, this
group was not different from the control group, suggesting
that the associated drugs treatment group is in a harm reduc-
tion process. Corroborating these findings, a study by Pra
et al. [21] demonstrated that obesity led to greater protein
carbonylation in brain structures that were reversed after
14-day treatment with GNPs. Since in our study we verified
damage only in the hippocampus, it is suggested that this
may be a response to the physiological adaptation of the
animal considering 28 days of administration of the treat-
ments, and when the condition is considered dangerous for
the animal homeostasis, mechanisms are activated to control
or cope with the situation [66].

To combat ROS, an active antioxidant system is neces-
sary; such system has the SOD enzyme that reduces O,-
to hydrogen peroxide (H,0,), then it requires the enzyme
catalase (CAT) to reduce H,0O, to water, together with the
enzyme glutathione peroxidase (GPx), which, in order to
perform its function, requires adequate levels of GSH [67].
In our study, when assessing SOD levels, it was noticed that
obesity led to an increase in the activity of this enzyme in
the striatum, with a significant reversal in the groups that
received GNPs associated or not with carnitine, and a ten-
dency to decrease in the group that received carnitine alone,
since it did not prove to be different compared to the control.
It is known that the striatum regulates reward and motivation
processes, and ends up being a region affected by obesity.
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Dopaminergic dysfunction and other neural signals in this
brain structure have been considered some of the main con-
tributors to high food intake and the development of obesity
[16]. Therefore, it is suggested that this increase in SOD
activity in the striatum may be due to some damage caused
by obesity, which we did not address in the present study.

Corroborating with these findings, in a study by Pra et al.
[21], obesity caused an increase in SOD expression that was
reversed after the treatment with GNPs in the hypothalamus,
prefrontal cortex, and striatum structures, but not in the hip-
pocampus. In fact, in our study, no SOD increase was found
in the hippocampus, as well as the levels of GSH were not
altered in the structures. As GSH levels were not altered, it
can be assumed that GPx activity is not altered either. Justi-
fying, or even further supporting oxidative damage seen in
the hippocampus, due to the lack of an efficient antioxidant
defense by both SOD and GPx.

The increase in ROS can lead to damage to the mitochon-
dria, which are responsible for energy generation through
the Krebs cycle and the mitochondrial respiratory chain,
which are the main areas of ATP generation. In the Krebs
cycle, the enzyme SDH stands out, as it connects the cycle
to the mitochondrial respiratory chain [68]. In our study, a
reduction of SDH in the hippocampus could be observed in
the obese group, with a tendency to reversal in the groups
that received GNPs associated or not with carnitine, since
these are not different from the control. In fact, in the hip-
pocampus there was a greater production of ROS and greater
damage to proteins; this damage could be reaching the SDH
enzyme and compromising its function in the hippocam-
pus. In the striatum, there was an increase in SDH activ-
ity in the obese group, with a tendency to reversal in the
groups receiving GNPs or carnitine. Thus, it is assumed that
although we did not verify oxidative damage in the striatum,
this does not waive the need for greater energy production in
this structure, due to potential inflammatory damage. There-
fore, SDH dysfunction could impair mitochondrial activity,
causing fewer electrons to become available for complexes
I and II of the mitochondrial respiratory chain, yielding a
lower generation of ATP [69].

With regard to complex I, we observed a reduction in
activity in the prefrontal cortex in the groups, including
the obese group. This result corroborates a previous study,
where obesity has been shown to inhibit complex I in the
prefrontal cortex [45]. GNP treatment for 28 days showed
a tendency to reverse the inhibition of complex I caused by
obesity, since the groups that receive GNPs did not present
a significant difference in relation to the control, unlike the
study by Pra et al. [21], where treatment with GNPs for
14 days was not able to restore complex I inhibition caused
by obesity. When there is an inhibition of complex I, fewer
electrons are transferred to complex III, and this reduction
ends up favoring the escape of electrons and, consequently,

increasing the generation of ROS [59]. Therefore, it is sug-
gested that there may be a greater production of ROS in
the prefrontal cortex, yet insufficient to be detected in our
assessment. As for the striatum, greater activity of com-
plex I can be seen in the groups that received a high-fat
diet, with reversal in the group that received GNPs asso-
ciated with carnitine. It is noteworthy that, the activity
of SDH also increased in the striatum in an attempt to
compensate ATP production and, consequently, increas-
ing the generation of electrons, increasing the activity of
complex 1.

Like complex I, complex Il is also a gateway for electrons
from the Krebs cycle [70]. In our study, we could see an
increase in complex II activity in the prefrontal cortex, and
this could be an attempt to compensate for the entry of elec-
trons into the chain, since complex I in this region was inhib-
ited. With regard to the striatum, complex II showed greater
activity in the obese group, with a tendency to reversal in
the groups that received carnitine with or without GNPs,
since they were not different from the control group. The
increased activity of complex Il in the striatum is in line with
the increased activity of complex I and the enzyme SDH,
demonstrating a greater need for ATP production, possibly
due to a greater flow of electrons resulting from excessive fat
consumption. Furthermore, with the increase of SOD in this
structure, it is understood that there is an attempt to recover
a damaged system; such damage may have been caused by
lipid peroxidation. In fact, previous studies demonstrate lipid
peroxidation in brain structures due to the consumption of
a high-fat diet [45].

From complexes I and II, electrons are transported to
ubiquinone; once in ubiquinone, the electrons are trans-
ferred to complex III, then they move to cytochrome c,
which is in charge of transporting individual electrons
from complex III to complex IV [68]. Complex IV cata-
lyzes the final stage in the mitochondrial electron transfer
chain and is considered one of the main regulatory sites of
oxidative phosphorylation [71]. In our study, when evalu-
ating complex IV activity, it was noticed that activity was
inhibited in the prefrontal cortex by obesity, except in the
group that received treatment with GNPs alone, assum-
ing that complex II was unable to compensate for the low
activity of complex I, because at the end of oxidative
phosphorylation, this inhibition occurred. Corroborating
these findings, a study by Mello et al. [45] demonstrated
that consumption of a high-fat diet for 10 weeks caused
inhibition of complex IV in the prefrontal cortex. Finally,
there was inhibition of complex IV activity in the hip-
pocampus caused by obesity, but this inhibition was not
found in the groups treated with GNPs. Although it was
not possible to observe damage to complexes I and IV,
the complex IV fire electrons to oxygen, since oxygen has
reduced activity; this firing of electrons does not occur in
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a fluid way, increasing the generation of ROS [72], jus-
tifying the increase in DCF and carbonyl proteins in the
hippocampus.

The hippocampus is a brain structure associated to mood
regulation, learning, and memory [73]. It has already been
shown that obesity and a high-fat diet can lead to cognitive
impairment, given that chronically inflamed adipose tissue
causes the secretion of pro-inflammatory cytokines, which
can lead to hippocampal neuroinflammation, impairing neu-
roplasticity in obese conditions. and diabetes [74]. Thus,
both peripheral and central insulin resistance are associated
with cognitive impairment and the development of neurode-
generative diseases [75]. In our study, we demonstrated that
the structure most affected by the consumption of a high-fat
diet was the hippocampus, corroborating the fact that obesity
leads to cognitive impairment.

Regarding the treatments, a more marked effect of GNPs
can be observed at the CNS level, mainly in the mitochon-
drial function. In a previous study, it was shown that GNPs
catalyzes NADH oxidation to NAD_, which is one of the
most important coenzymes in all cell types; this effect is
occurring on the surface of GNPs, that is, NADH is cata-
lyzed on the surface by GNPs [76]. This effect is potentially
positive because complex I in the mitochondrial electron
transport chain oxidizes NADH to NAD +, and is the main
site where ROS production occurs [77]. In fact, we verified
a reduction of ROS after the treatment with GNPs. Thus,
modulation by GNPs of complex I could be a target for these
molecules to prevent oxidative stress. On the other hand, the
effect of carnitine was observed in the reduction of ROS pro-
duction and protein damage, corroborating with the study by
Mescka et al. [78] where treatment with carnitine was effec-
tive in improving the activity of antioxidant enzymes, and
reducing lipid and protein damage, as well as the produc-
tion of reactive oxygen/nitrogen species. However, although
carnitine has an effect at the CNS level, its main action took
place at the peripheral level, demonstrating to reduce the
accumulation of fat generated by obesity.

Although we found a more marked effect of GNPs at
the CNS level, when associated with carnitine, GNPs did
not lose this potential effect. However, in the accumulation
of mesenteric fat GNPs did not prove to be effective. On
the other hand, carnitine showed its greatest effect, acting
in the reduction of adipose tissue, but alone it was unable
to reverse the inflammatory process installed in the tissue,
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which continued to damage the CNS, mainly in the hip-
pocampus. It is noteworthy that these beneficial effects were
observed even in the continuation of the high-fat diet. There-
fore, more evident effects could be observed with dietary
treatment associated with therapeutic alternatives, in order to
be able to effectively reestablish body homeostatic control.
Hence, it is suggested that the combination of GNPs with
carnitine may be a promising alternative for the treatment
of obesity, provided it is in conjunction with the patient’s
dietary control.

The toxicity of GNPs was not evaluated in this study;
however, in a previous study carried out in our laboratory,
intraperitoneal administration of GNPs (18 nm) for 14 days,
70 pg/kg/day, did not lead to liver and kidney damage [21].
However, it should be noted that this study has some limita-
tions. Firstly, we did not evaluate metabolic and inflamma-
tory changes in the animals' adipose tissue to evaluate the
effect of treatment on this tissue. Furthermore, the study was
carried out only with male Swiss mice, limiting its applica-
bility to both sexes. Finally, the treatment was carried out
for just 4 weeks and continued with a diet rich in saturated
fat, and it is known that treatments aimed at weight loss are
generally longer and involve a change in eating pattern. The
results of the present study are summarized in Fig. 6.

Conclusion

Based on this study, we can conclude that obesity led to oxi-
dative damage and mitochondrial dysfunction in the CNS,
mainly in the prefrontal cortex, striatum, and hippocampus.
Treatment with GNPs demonstrated a possible beneficial
effect in reducing these damages, as the result of its admin-
istration resulted, for the most part, in the equality of results
compared to the control group. On the other hand, the treat-
ment with carnitine demonstrated more efficacy peripher-
ally, reducing the accumulation of adipose tissue. Therefore,
these treatments in isolation become a promising option for
the treatment of obesity. However, it is worth mentioning
that this type of strategy is a complement to an adequate
diet, physical exercise, and prevention of nutritional defi-
ciencies that can contribute to energy balance and healthy
body homeostasis. Thus, more studies are needed to eluci-
date the other mechanisms and potential side effects from the
treatment with GNPs associated with carnitine.
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Fig.6 Summary of the main
results found in the study. Obe-
sity led to greater accumulation
of mesenteric fat, oxidative
stress in the hippocampus,

and mitochondrial dysfunc-

tion in the prefrontal cortex,
hippocampus, and striatum.
Treatment with GNPs isolated
reduced oxidative stress in the
hippocampus. Carnitine isolated
decreased the accumulation

of mesenteric fat and oxida-
tive stress in the hippocampus.
The combination of treatments
reduced the accumulation of
mesenteric fat and mitochon-
drial dysfunction in the striatum
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