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Abstract: Obesity has reached global epidemic proportions, and even though its effects are well-
documented, studying the interactions among all influencing factors is crucial for a better under-
standing of its physiopathology. In a high-fat-diet-induced obesity animal model using C57BL/6J
mice, behavioural responses were assessed through a battery of tests, while stress biomarkers and
systemic inflammatory cytokines were measured using an Enzyme-Linked ImmunoSorbent Assay
and a Bio-Plex Multiplex System. The peritoneal macrophage microbicide capacity was analysed
via flow cytometry, and crown-like structures (CLSs) in white adipose tissue (WAT) were evaluated
through staining techniques. Results indicated that obese mice exhibited increased body weight,
hyperglycaemia, and hyperlipidaemia after 18 weeks on a high-fat diet, as well as worse physical con-
ditions, poorer coordination and balance, and anxiety-like behaviour. Differences in corticosterone
and noradrenaline concentrations were also found in obese animals, revealing a stress response
and noradrenergic dysregulation, along with a weakened innate immune response characterized
by a lower microbicide capacity, and the presence of an underlying inflammation evidenced by
more CLSs in WAT. Altogether, these findings indicate that obesity deteriorates the entire stress,
inflammatory, metabolic, sensorimotor and anxiety-like behavioural axis. This demonstrates that
jointly evaluating all these aspects allows for a deeper and better exploration of this disease and its
associated comorbidities, emphasizing the need for individualized and context-specific strategies for
its management.

Keywords: obesity; macrophages; inflammation; stress; anxiety; prevention; management

1. Introduction

Obesity, a prevalent health concern globally, is associated with various physiological
and psychological complications. High-fat diets have been extensively studied for their
role in inducing obesity and related comorbidities such as metabolic syndrome and insulin
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resistance in animal models, and they have been recognized to be adequate for mirroring
human obesity [1]. It has also been found in studies that diets enriched in fat and choles-
terol could be related to an increase in aggression, anxiety, depression, and a decrease in
exploration associated with new environments [2–5].

A long-term diet of high-fat foods can cause disorders in the lipid metabolism in the
body, contributing to depressive and anxious behaviour [6,7]. This could be because lipids
act as signalling molecules for structural development, the conduction of nerve impulses,
neurogenesis, synapses, myelin formation, etc., performing a wide variety of physiological
activities within the brain [8–10]. It is also thought that the neurobiological factors causing
this behaviour during the consumption of a high-fat diet are associated with inflammatory
factors in the central and peripheral nervous system [11,12]. Thus, some studies have
shown that inflammation hinders motivated responses to something novel in humans [13]
and reduces the exploration of new environments in rodents [14]. Exploratory capacity
is an important aspect in the context of evolution, since it allows the animal to know the
potential risks around it (predators or other dangers) and the benefits (mates, food, nesting
spaces) in a new place [15].

Understanding how obesity affects motor capabilities in animal models, such as mice,
is crucial for unravelling the complex underlying mechanisms and clinical implications
of this disease. Behaviour is manifested through action, and such action requires motor
skills, including body coordination. Obesity is associated with a low motor coordination
capacity, especially in balance ability, according to studies conducted in children with
obesity [16,17], indicating that a high relative weight contributes to poor motor skills,
which worsen with age and weight gain [17]. Likewise, obesity has detrimental effects
on muscle function, altering the locomotor capacity and metabolic cost of locomotion of
individuals [18]. However, research on motor responses in obesity models has been limited
to date, with a scarcity of studies addressing this specific area.

Furthermore, high-fat diets not only lead to physiological responses of weight gain and
cognitive impairment [19] but can also modulate several stress and metabolic responses, as
well as alterations in the immune system. Thus, it is known that the dysregulation of innate
and adaptive immunity leading to chronic, low-level, tissue-specific, and systemic inflam-
mation is one major factor that contributes towards the progression of many obesity-related
disorders and metabolic diseases, such as insulin resistance leading to type 2 diabetes
mellitus [20–22]. In this context, the immune response, and especially innate/immune cells
play a pivotal role in this condition [23]. Macrophages are major components of the im-
mune response and have been identified as key contributors to inflammation and metabolic
dysregulation in white adipose tissue (WAT) in inflammatory states [20,24]. This local
proliferation of macrophages occurs mainly at crown-like structures (CLSs) that surround
necrotic adipocytes, resulting in a preferential increase in macrophages in WAT [25]. The
consequence and impact of local AT macrophage proliferation, in the pathophysiology of
AT dysfunction and metainflammation remains uncharacterized and is fertile ground for
future research in the field [26].

Understanding the intricate interplay between high-fat diet-induced obesity and as-
sociated metabolic, inflammatory, and behavioural responses is crucial for the study of
preventive and therapeutic strategies. However, these responses associated with obesity
have been only evaluated partially or isolated in different experimental approaches and
in different individuals. The objective of this study is to comprehensively evaluate the
immunophysiological (interactions between the nervous and immune systems), inflam-
matory response, sensorimotor and anxiety-like behaviour of a murine model of high-fat
diet-induced obesity. To the best of our knowledge, this is the first time that immunoneu-
roendocrine biomarkers, local and systemic inflammatory responses, and anxiety-like and
sensorimotor behaviour are evaluated altogether in the same groups of animals with the
same metabolic status. With this approach, the impact of high-fat diet-induced obesity is
further explored in the complex relationship between behavioural, cognitive, motor, inflam-
matory, stress, and metabolic interactions, which can validate an animal model of obesity



Nutrients 2024, 16, 2209 3 of 23

for a better understanding of this syndrome and establish new integrative therapeutic
strategies. Thus, our objective is focused on validating the hypothesis regarding obesity
as a syndrome in which a metabolic and immunoneuroendocrine interaction is crucially
interdependent.

2. Materials and Methods
2.1. Experimental Design

Thirty-two C57BL/6J mice, including both males and females, were bred at the Animal
Facility of the University of Extremadura. Upon reaching 8 weeks of age, the mice were
randomly allocated to one of two dietary groups for a period of 18 weeks until sacrifice.
One cohort (n = 16) was placed on a high-fat diet (HFD) (260HF diet; SAFE, Augy, France),
designated as the obese group, while the other cohort (n = 16) served as the healthy control
group (lean group) and received standard laboratory rodent chow (SD) (A04 diet; SAFE,
Augy, France). All mice had unrestricted access to water and were individually housed in a
climate-controlled environment (22 ± 1 ◦C; 60 ± 5% humidity) with a 12 h light/12 h dark
cycle (light from 23:00 to 11:00 h; dark from 11:00 to 23:00 h). Throughout the study, mice
were able to maintain olfactory and visual contact with each other to mitigate potential
negative effects of isolation. Behavioural testing was conducted on both groups of animals
on the final day of the diet protocol. Following a 12 h fasting period, blood samples and
visceral WAT were collected from anesthetized animals for comparison between obese and
lean groups.

This investigation was approved by the Bioethics Committee for Animal Experimen-
tation of the University of Extremadura (registry number 70/2018 for project IB18011), in
accordance with the National and European legislation for the protection of animals used
for research.

2.2. Diet Protocol

At eight weeks of age, animals started receiving each specific diet. Mice received either
a high-fat diet (HFD) “260HF” (SAFE, Augy, France), containing 36% fat (providing 58.8%
of the total energy intake), recognized for being suitable for the study of obesity and its
associated complications in mice [20]; or a standard diet “A04” (SAFE, Augy, France), which
contains approximately 5% lipids, with 8% of the energy derived from fat. All animals
remained on their respective diet throughout the study, until sacrifice 18 weeks later.

To mitigate potential gastric damage resulting from an abrupt dietary transition, a
combination of both diets (50% standard feed and 50% high-fat feed) was provided during
the first week of intake. Lean animals were provided with 40 g of standard feed weekly,
and obese animals had 30 g of high-fat feed per week. Weekly food intake and body weight
were closely monitored for all mice to ensure adherence to the dietary protocol and to track
changes in weight over time.

2.3. Physical Condition, Sensorimotor and Behavioural Tests

Tests were performed the day before sacrifice day, during the activity period of rodents
(dark period) at approximately 26 weeks of age. All tests were conducted with the room’s
lights off, and the sole source of illumination was a red-light bulb.

2.3.1. Tests Assessing Physical Condition
Grip Strength Test

Grip strength was measured with the Grip Strength Test (BIO-GS3, Bioseb, Chaville,
France) following the procedure outlined by Cabe and colleagues [27]. To measure grip
strength in the front paws of the mice, the experimenter held the mouse gently by the
base of the tail, allowing the animal to grasp the apparatus with its front paws. Then, the
animal was placed in the horizontal plane, parallel to the sensor, pulling it backward by
the tail. The force applied just before losing grip was recorded as the maximum tension.
The test was performed in triplicate, and the result was calculated as the mean of the three
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measurements divided by the weight of the animal. The final result was referred to as the
force value.

Tight-Rope Test

The apparatus consisted of a 60 cm long hemp rope, divided into segments of 10 cm
and elevated to a height of 40 cm, positioned horizontally over a bed of shavings. The test
began by placing the animal in the centre of the tight-rope. The maximal testing time was
30 s and was performed only once per individual.

The first aim of this test was to assess neuromuscular vigour. For this purpose, we
focused on the parameter “percentage of falls”. Additionally, this test was also used
to evaluate the coordination of the animals as a sensorimotor response, for which the
parameter “percentage of animals that complete the test” was analysed.

2.3.2. Tests Assessing Sensorimotor Response
Wood Rod Test

Balance and motor coordination were assessed with this test. Following the protocol
outlined by Baeza and colleagues [28], the test entailed a wood rod measuring 2.9 cm in
width and 80 cm in length, suspended in the air with the assistance of two bases, one on
each side, at a height of 22 cm, positioned above of a bed of shavings and divided into
segments of 10 cm. The test began by placing the animal in the centre of the wood rod
and concluded after 20 s or if the animal managed to reach one of the ends. The test was
conducted in duplicate. The parameter selected to evaluate the balance was the “percentage
of mice that complete the test” and to assess the motor coordination, the “percentage of
mice to cover at least 1 segment”.

Wire Rod Test

Similar to the wood rod test, this test consisted of a wire rod with a diameter of 1 cm
and a length of 50 cm, positioned at a height of 30 cm, supported by two platforms at the
ends. The test began by placing the animal in the centre of the wire rod and concluded after
20 s or if it managed to reach one of the ends. The test was also conducted in duplicate. The
parameter “percentage of mice that complete the test” evaluated the balance and “number
of segments” was used to evaluate the coordination of the animals.

2.3.3. Tests Assessing Pain and Anxiety/Stress
Hot Plate Test

The hot plate test is commonly used to assess sensitivity to thermal pain. It is a simple
and rapid test to detect the analgesic properties of different treatments in rodents or changes
in pain sensitivity in response to experimental manipulations. It was evaluated using
the Hot Plate LE7406 (Panlab, Barcelona, Spain). The method assessed two nociceptive
parameters: pain threshold and pain latency time.

For the procedure, the mouse was placed into an open cylindrical space positioned
above an activated hot plate. The initial measurement involved assessing the pain threshold.
To accomplish this, the mouse was positioned on the hot plate starting from the initial
temperature of 25 ◦C, while the temperature gradually increased with an accuracy of 0.1 ◦C.
The temperature at which the animal exhibited a pain response, characterized by hind
limb jumping or licking, was recorded as its pain threshold. Subsequently, the mouse
was removed from the plate, and the second measurement was conducted. Here, the
temperature of the plate was allowed to rise to 55 ◦C, and once this temperature was
reached, the mouse was placed on the plate, and the time (in seconds) that passed until the
animal exhibited one of the two aforementioned pain response behaviours was recorded as
the pain latency time.
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Elevated Plus Maze Test

The elevated plus maze test assesses the state of anxiety exhibited by the rodent, based
on its aversion to height and open spaces. With two types of arms (one with high opaque
walls, representing an enclosed space, and the other without walls, allowing the animal to
perceive the environment and height), the time and frequency the mouse enters and spends
on each arm determine the anxiety-like behaviour of the animal [29,30].

This test consisted of two open arms (without walls) measuring 50 cm in length and
10 cm in width, facing each other, and two closed arms (with walls 40 cm in height) of
the same dimensions as the open arms, positioned perpendicular to the latter. It was
constructed of rigid black plastic material, and was elevated 62 cm above the ground on a
metal support with four legs.

The test was conducted under red light (20 W) and began by placing the animal in the
central area of the apparatus, facing a closed arm. The duration of the test was 5 min. The
parameter selected to evaluate the anxiety-like behaviour of the animals was the percentage
of time in open arms with respect to the total time, calculated by dividing the time spent in
open arms (in seconds) by the total duration of the test (300 s) and multiplying by 100, and
the corresponding results were compared between lean and obese animals.

Hole-Board Test

Anxiety-like behaviour was also evaluated through the hole-board test. The protocol
used for the hole board test was that as followed by Viveros and colleagues [31]. The
hole-board apparatus comprised a square, uncovered device measuring 45 cm in height
with a square base of 60 cm per side. The walls and base were of a matte black colour,
divided into 36 squares, each measuring 10 cm per side and demarcated by white lines.
In the central area, there were four equally spaced holes, each with a diameter of 3.8 cm.
Within these holes, a circular red surface was placed. The test began by placing the animal
in one of the corners. The duration of the test was 5 min, monitored via video recording
and was conducted under red light.

The parameter for evaluating the anxiety-like behaviour in the hole board test was
the total locomotion, measured as the number of squares crossed, and mean locomotion,
calculated as the number of squares crossed and divided by the number of total squares,
that is 36. The mean values obtained for each of the parameters were compared between
both groups of lean and obese animals.

Furthermore, the behaviour of head-dipping or hole exploration was also evaluated.
According to File and Wardill [32], the time and number of head-dippings are inversely
proportional to the animals’ level of anxiety.

Open Field Test

This test is also commonly used to assess anxiety-like behaviour. As rodents display
thigmotaxis behaviour (a tendency to move along walls), any form of locomotion charac-
terized as “internal” or “external” (away from the walls of the testing arena, in the central
and open zone) is inversely correlated with the rodents’ level of emotionality [33]. When
a mouse feels threatened or stressed, it seeks protection and hiding. The way the device
used for behavioural assessment is structured only allows the animal to feel safe by being
in contact with the walls. Therefore, the mouse’s level of stress/anxiety is indicated by its
interaction with these areas, and conversely, if its stress/anxiety level is low.

The test comprises a walled board (measuring 80 cm wide, 80 cm long, and 30 cm
high) divided into 16 quadrants of 10 × 10 cm. The 12 quadrants composing the perimeter
of the board are considered “external squares”, while the remaining 4 squares are labelled
“internal squares”. The test duration was 5 min, monitored via video recording, and
commenced by placing the animal in the centre of the board.

In this test, horizontal locomotor activity is assessed, reflecting the animal’s ambulation
throughout the duration of the test and indicating the level of stress/anxiety based on its
movement patterns [34]. Therefore, peripheral, central, and total ambulation were assessed
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(represented by the number of squares crossed on each of the areas). The mean values
obtained for each of the parameters were compared between both groups of lean and
obese animals.

2.4. Body Measurements and the Collection of Biological Samples

Body weight measurement started the first week of the protocol and continued weekly
for the entire lifespan of each mouse. Fasted animals were gas anaesthetized with isoflu-
rane, using a standard procedure (a starting dose of 3–5% isoflurane, a maintenance dose
of 1.5–3% isoflurane). Biological samples were obtained from live, anaesthetized animals.
Whole blood was drawn via cardiac puncture. The fasting blood glucose concentration
and lipid profile including total cholesterol, high-density lipoprotein cholesterol (HDL-C),
calculated low-density lipoprotein cholesterol (cLDL-C), and triglycerides (TG) were mea-
sured in whole blood (LUX®, Microcaya, Bilbao, Spain). Peritoneal cells were obtained by
injecting 4 mL of a phosphate-buffered saline (PBS) medium into the peritoneal cavity of
the live anesthetized animal, followed by the aspiration of the fluid from the cellular sus-
pension, which was then deposited into polypropylene tubes. Visceral WAT was carefully
dissected via laparotomy and then embedded in an optimal cutting temperature (OCT)
compound and snap-frozen in liquid nitrogen. Until further analysis, samples were stored
at −80 ◦C.

2.5. Determination of Plasma Concentrations of Norepinephrine (NA), Corticosterone (CTC), and
Extracellular Heat-Shock Protein eHsp72

The determination of plasma concentrations of noradrenaline, corticosterone, and
eHSP72 in the experimental groups was conducted via Enzyme-Linked ImmunoSorbent
Assay (ELISA) using ELISA kits (Cusabio, Houston, TX, USA and MyBioSource, San Diego,
CA, USA). For the assay, standards (used to generate the standard curve) and plasma
samples were incubated in a 48-well plate, which was coated with a specific antibody
for the protein of interest that binds to the protein present in the sample, eliminating
unbound material through washes. A horseradish peroxidase (HRP) conjugate with the
specific antibody was also added to each well. After incubation and the removal of
excess conjugate by washing, a chromogenic substrate solution (TMB) was added to the
wells, which reacted catalytically with the HRP conjugate, forming a coloured product.
Finally, a “stop” solution was added to halt the substrate reaction, and the absorbance
was measured at a wavelength of 450 nm using an ELISA plate reader (Tecan, Männedorf,
Switzerland). The absorbance signal may be directly or inversely proportional to the
amount of protein present in the sample, depending on the kit used. Protein concentration
was determined by interpolation on the standard curve generated using values from
standard samples of known concentrations, performed manually, and using MyAssays
software (https://www.myassays.com/, accessed on 12 December 2022).

2.6. Determination of Concentrations of Systemic Inflammatory Cytokines

Plasma concentrations of inflammatory cytokines (IL-1β, IL-10, IL-6, and TNF-α)
were measured using the Bio-Plex® 200 system (BioRad, Hercules, CA, USA) employing
the high-sensitivity kit ProcartaPlex Immunoassay kit (Invitrogen, Waltham, MA, USA).
This immunoassay was based on the use of magnetic microspheres to detect and quantify
various target analytes simultaneously. Magnetic microspheres were incubated with mouse
plasma as the sample and anti-IL-1β, anti-IL-10, anti-IL-6, and anti-TNF-α antibodies,
and labelled with Streptavidin-Phycoerythrin for subsequent visualization. To minimize
inter-assay variations, all samples were analysed using the same kit on the same day.

https://www.myassays.com/
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2.7. Oxidative Burst Assay

The flow cytometry analysis was used to evaluate the microbicide capacity of op-
sonized bacteria within peritoneal macrophages. This quantitative technique enables a
very accurate determination of the ability of macrophages to ingest bacteria and produce
the superoxide anion (O2

−, indicative of an oxygen-dependent microbicide capacity).
First, Escherichia coli (E. coli) was obtained at an optical density of 1.6 (O.D.), fixed in

PFA (1%) (PanReac AppliChem, Barcelona, Spain), washed and filtered (0.22 µm diameter
filter) with PBS. Subsequently, the bacteria were stained with FITC (fluorescein isothio-
cyanate) at a final concentration of 1 µg/mL for 30 min at 37 ◦C in darkness and agitation,
and then washed twice with PBS. Once stained, the bacteria were opsonized by incubating
them with serum for 2 h at 37 ◦C in darkness and agitation (800 µL of bacteria in PBS with
200 µL of serum).

Next, 200 µL of peritoneal exudate from each mouse were incubated for 1 h at 37 ◦C
in darkness and agitation with 50 µL of opsonized E. coli-FITC bacteria, Hoechst 33342
(10 µg/mL), 7-Aminoactinomycin D (7AAD 1 µg/mL), 250 µL of PBS, and 2% fetal bovine
serum (FBS). A control was performed using 100 µL of peritoneal exudate along with
Hoechst 33342 (10 µg/mL), 7AAD (1 µg/mL), 400 µL PBS, and 2% FBS. Finally, the sample
was analysed using flow cytometry (MACSQuant WYB, Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) with 3 lasers (405 nm, 488 nm, 561 nm), and the results were processed
and analysed using the “FlowJo data analysis” v9 software.

Results were expressed as the percentage of macrophages producing O2
− upon the

ingestion of bacteria and compared between lean and obese groups.

2.8. Determination of Adipocyte Size and Crown-like Structures in WAT

WAT was cut into 12–15 µm sections in a cryostat (LEICA, CM 1950, Leica Biosystems,
Richmond, IL, United States) at −30 ◦C and mounted on Superfrost® Plus microscope
slides (Thermo Fisher Scientific, Braunschweig, Germany). Samples were stored at −20 ◦C
until further analysis.

For the evaluation of adipocyte size in adipose tissue, hematoxylin-eosin staining
was performed on previously processed and fixed adipose tissue sections for subsequent
visualization using a conventional optical microscope (Axioskop model, Zeiss, Oberkochen,
Germany). The AxionVision LE visualization 4.8. software (Carl Zeiss™, White Plains,
NY, USA) was utilized for observing adipocytes at 40× magnification and measuring
them. To determine size, the diameter of all observable adipocytes per field was calculated
across 10 randomly selected fields per mouse. The conversion of diameters from pixels to
micrometres was conducted.

To evaluate CLS presence in WAT, immunohistochemistry was performed. Slides
containing the adipose tissue samples were washed with PBS + Triton X-100 (Merck KGAa,
Darmstadt, Germany) and then fixed with 4% paraformaldehyde (PanReac AppliChem,
Barcelona, Spain) for 5 min. After a series of washes with PBS + Triton X-100 and with
PBS + gelatin (PanReac AppliChem, Barcelona, Spain) + Triton X-100, non-specific binding
sites were blocked with PBS + gelatin + Triton X-100 + lysine (Merck KGAa, Darmstadt,
Germany) for 1 h. Finally, the antibody F4/80 (Alexa Fluor® 488 Anti-mouse F4/80
Antibody, BioLegend, San Diego, CA, USA) was added at a concentration determined after
titration. The samples were then incubated overnight in a humid chamber in darkness. The
next day, slides were washed again with PBS + Triton X-100 and with PBS + gelatin + Triton
X-100. DAPI 2 µM (Invitrogen, Darmstadt, Germany) was added as a nuclear stain. After
15 min of incubation, the slides were washed with PBS. Coverslips and Mowiol® 40–88
(Sigma-Aldrich, Taufkirchen, Germany) were used for mounting the samples. The samples
were stored at 4 ◦C in a humid chamber in darkness until they were visualized under the
fluorescence microscope.

Immunostained adipose tissue sections were observed under a conventional transmit-
ted light and fluorescence microscope (Nikon ECLIPSE 80i, Nikon, Tokyo, Japan), obtaining
digital images with a camera attached to the microscope (Nikon Digital Camera DXM
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1200F, Nikon, Tokyo, Japan). The images of the antibodies at different wavelengths were
overlaid into a single image and optimized using Adobe PhotoShop v.CS4 software (Adobe,
San Jose, CA, USA). For CLS counting, 10 randomly chosen fields of view were selected
using a 40× objective.

2.9. Statistical Analysis

Values were expressed as mean ± standard error of the mean (SEM) followed by the
95% confidence interval (CI), where applied. The variables were normally distributed
(tested using the Kolmogorov–Smirnov normality test). Student’s t-test was used for
comparisons between the pairs of groups (paired or non-paired samples). Statistical
significance was considered when the probability value “p” (p-value) was equal or less
than 0.05, with three levels of statistical significance: p < 0.05, p < 0.01, p < 0.001, each
indicating increasing levels of significance. Effect size (ES) was calculated using Cohen’s d
and interpreted as very low (d < 0.2), low (0.2 < d < 0.5), medium (0.5 < d < 0.8), and high
(d > 0.8).

3. Results
3.1. Analysis of Weight, Glycaemic and Lipid Profile in Obesity

The weight gain over 18 weeks in both groups is represented in Figure 1. In our
model, the group of obese animals experienced a greater increase in weight throughout the
experimental protocol compared to the lean animals. Figure 2 shows the weight increase
after 18 weeks of diet in each group, revealing a three-fold increase in weight in the obese
group compared to the lean group. This weight increase is due solely to the dietary
intervention since the rest of the conditions were the same for both groups.
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Figure 1. Weight progression during the standard or high-fat diet protocols. Each value represents
the mean ± SEM of weights recorded weekly in 8 animals from each group during the 18 weeks of
the diet protocols. Starting weight (6–8 weeks of age) and sacrifice weight (22–24 weeks of age) are
indicated. Values are expressed in grams. *** p < 0.001 compared to the lean group on sacrifice day.
ES = 1.5 (95% CI for lean: (21.4, 23), 95% CI for obese: (26, 31.2)).
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Figure 2. Weight increase of lean and obese mice upon the completion of the diet protocol. Values
represent the mean ± SEM of the weight increases of 8 animals in each group, calculated by subtract-
ing the initial weight of each animal from the weight on the day of sacrifice (last recorded weight).
Values are expressed in grams. *** p < 0.001 compared to the lean group. ES = 2 (95% CI for lean:
(3, 5.3), 95% CI for obese: (9.5, 22.2)).

The body and metabolic parameters regarding lean and obese mice are set out in
Table 1. As expected, we confirm the effectiveness of our model of HFD-induced obesity,
as obese animals exhibited higher body weights and hypertrophy in their adipocytes,
increased fasting glucose concentrations, and elevated levels of TG, total cholesterol, HDL-
C, and cLDL-C.

Table 1. Body weights, food intake, glycaemic and lipid profiles in lean and obese mice.

Lean Obese p-value ES

Body weight (g) 23.8 ± 1.8 (22.2, 25.3) 39.1 ± 8.5 (30.2, 48) *** p = 0.0001 *** 2.7
Adipocyte size (µm) 58.8 ± 2.4 (51.1, 66.5) 105 ± 2.4 (79.7, 131.2) *** p = 0.0007 *** 3.9
Food intake (g/day) 3.5 ± 0.08 (3.4, 3.5) 3 ± 0.3 (2.8, 3.1) *** p = 3.2392 × 10−9 2.6

Glucose (mg/dL) 173 ± 51 (130.4, 215.6) 247.3 ± 96.2 (146.4, 348.39) * p = 0.02 * 1
Cholesterol (mg/dL)

- Total Cholesterol <100 198 ± 88.6 (88, 308) * p = 0.03 * 1.4
- HDL Cholesterol 50.5 ± 7.1 (32.3, 68.7) >80 * p = 0.02 * 1.9
- LDLc Cholesterol 32 ± 7.3 (14.2, 49.8) 90 ± 32.9 (5.3, 174.5) * p = 0.04 * 1

Triglycerides (mg/dL) <50 88.6 ± 14 (49.7, 127.5) p = 0.16 0.7
Each value represents the mean ± SEM (Confidence Interval 95%) of 8 animals in each group for metabolic
parameters, and in 4 animals in each group for adipocyte size in 10 randomly selected fields. ES: effect size.
HDL—high-density lipoproteins. LDL—low-density lipoproteins. LCLc, LDL calculated using the Friedewald
equation (LDL = Total cholesterol − (Triglycerides/5) − HDL). * p < 0.05, *** p < 0.001 compared to the lean group.

3.2. Behavioural Tests
3.2.1. Physical Condition

Animals’ physical conditions were analysed using the grip strength and the tight-rope
test. The values of grip strength were lower (p < 0.001) (Figure 3A), and the percentage of falls
in the tight-rope test was higher (p < 0.001) (Figure 3B) in the obese group with respect to the
lean group. Those results revealed that the obese animals exhibited less strength than the lean
ones in both tests, showing a negative impact on the animals’ physical condition, partly due
to changes in body composition that occur during the development of the obese state.
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percentage of obese animals completed this test compared to the lean group (p < 0.05) 
(Figure 5C). In light of the results, it is highlighted that the group of obese animals 

***

0.00

0.01

0.02

0.03

0.04

0.05

0.06

Lean Obese

St
tr

en
gt

h 
va

lu
e

Grip strenght test(A)

Figure 3. Strength and muscle vigour in lean and obese mice. Grip strength test (A). Tight-rope test
(B). Each column represents the mean ± SEM of the values determined in 16 animals in each group.
The strength value is calculated by dividing the average of 3 grips by the weight of each animal.
*** p < 0.001, compared to the lean group. ES for grip strength test = 2 (95% CI for lean: (0.04, 0.05),
95% CI for obese: (0.02, 0.03)); ES for tight-rope test = 1.6 (95% CI for lean: (−7.1, 19.6), 95% CI for
obese: (43.2, 94.3)).

3.2.2. Sensorimotor Responses

The tests that assessed balance parameters are depicted in Figure 4. The results showed
that the percentage of animals that completed the test was significantly lower in the obese
group compared to the lean animal group, both for the wood rod (Figure 4A) and the wire
rod test (Figure 4B) (p < 0.05, p < 0.001, respectively). Thus, these results confirm that obese
animals have an impaired balance with respect to lean animals.
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Figure 4. Balance in lean and obese mice. Wood rod test (A). Wire rod test (B). The percentage of
animals reaching the end of the wood rod or the wire rod test within the duration of the test (20 s) is
measured. Each column represents the mean ± SEM of the values obtained in 16 animals in each
group. Results are expressed in percentages. * p < 0.05, *** p < 0.001, compared to the lean group. ES
for wood rod test = 0.77 (95% CI for lean: (55.5, 94.5), 95% CI for obese: (20.2, 67.3)); ES for wire rod
test = 1.5 (95% CI for lean: (39.4, 79.4), 95% CI for obese: (−5.5, 25.5)).

Regarding motor coordination, results revealed that a lower percentage of obese
animals covered at least one segment of the rod in comparison with the lean group in
the wood rod test (p < 0.01) (Figure 5A). In the wire rod test (Figure 5B), the obese group
completed a lower number of segments (p < 0.001), compared to the lean animals. Finally,
motor coordination was also assessed using the tight-rope test, demonstrating that a lower
percentage of obese animals completed this test compared to the lean group (p < 0.05)
(Figure 5C). In light of the results, it is highlighted that the group of obese animals exhibited
impaired sensorimotor responses, showing compromised balance and motor coordination,
compared to the lean animal group.
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Figure 5. Motor coordination in lean and obese mice. Wood rod test (A). Wire rod test (B). Tightrope
test (C). The percentage of animals performing at least one segment in the wood rod test, the number
of segments traversed by the animal in the wire rod test, and the percentage of animals completing
the tightrope test within the duration of each test (20 s) are measured. Each column represents
the mean ± SEM of the values determined in 16 animals of each group. Results are represented in
percentage, number, and percentage, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the
lean group. ES for wood rod test = 1.2 (95% CI for lean: (84.6, 102.9), 95% CI for obese: (44.3, 80.7)); ES
for wire rod test = 1.3 (95% CI for lean: (2.2, 3.7), 95% CI for obese: (0.3, 1.9)); ES tight-rope test = 0.86
(95% CI for lean: (22.5, 77.5), 95% CI for obese: (−5.7, 30.7)).

3.2.3. Pain and Anxiety-like Behaviour

Obesity appears to be associated with reduced neural efficiency and slower informa-
tion processing and integration [35], as well as a state of stress/anxiety [22]. In this section,
we describe the results regarding the behavioural tests measuring pain and anxiety-stress
levels in these animals through several tests.

Pain

Table 2 shows the nociceptive parameters evaluated by the hot plate test (pain thresh-
old, or the minimum intensity at which a stimulus is considered painful, and pain latency,
or the maximum time it takes for an individual to perceive the stimulus as painful). No
significant differences between both groups were found. However, there was a trend
towards a decrease in latency time in the obese animal group (p = 0.07), suggesting an
increase in pain sensitivity in these mice, as they exhibited a slightly lower reaction time to
this stimulus.

Table 2. Pain response to nociceptive stimuli in lean and obese mice.

Hot Plate Test Lean Obese p-Value ES

Pain threshold (◦C) 46.4 ± 0.7 (45, 47.7) 46.8 ± 0.3 (46.3, 47.2) p = 0.27 0.22
Pain latency (s) 5.1 ± 0.4 (4.3, 5.8) 4.2 ± 0.6 (3.2, 5.2) p = 0.07 0.52

Each value represents the mean ± SEM (Confidence Interval 95%) of the values determined in 16 animals of each
group. Results are expressed in degrees Celsius or seconds, respectively. ES: effect size.
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Elevated Plus Maze Test

Anxiety-like behaviour was analysed through the elevated plus maze test. The test
is based on the animal’s interaction in each of the arms (closed and open arms). Here, we
present the time spent in open arms (with no walls), where the interaction would represent
low stress/anxiety levels since the animal feels calm and safe to venture out to explore
this arm. This way, results, expressed as the percentage of time spent in the open arms
relative to the total time in the test (5 min), showed that obese animals spent less time
in this arm compared to lean ones (p < 0.05) (Figure 6). Thus, it is suggested that obese
animals presented anxiety-like behaviour compared to lean animals.
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Figure 6. Anxiety-like behaviour in lean and obese mice. Elevated plus maze test. The figure shows
the results regarding the open arms of the elevated plus maze test. Percentage of time is represented
in relation to the total time (5 min) spent in these arms. Each column represents the mean ± SEM
of the values obtained from 16 animals from each group. * p < 0.05, compared to the lean group.
ES = 0.59 (95% CI for lean: (4.5, 12.9), 95% CI for obese: (0.1, 8.5)).

Hole-Board Test

Figure 7 shows an overview of the results obtained in the hole-board test.
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Figure 7. Anxiety-like behaviour in lean and obese mice. Hole-board test. Total locomotion (A). Total
number of squares crossed during the test duration (5 min) is represented. Mean total locomotion
(B). The average number of total squares crossed, calculated as the total number of squares crossed
divided by the total number of squares (36), is represented. Each column represents the mean ± SEM
of the squares crossed by 16 animals of each group. ** p < 0.01, compared to the lean group. ES for
total locomotion = 1.1 (95% CI for lean: (251.2, 294.8), 95% CI for obese: (205.9, 251.9)); ES for mean
total locomotion = 1.1 (95% CI for lean: (7, 8.2), 95% CI for obese: (5.7, 7)).

The obese group exhibited statistically significant reduced total locomotion (p < 0.01)
and mean total locomotion (p < 0.01) compared to the lean group.



Nutrients 2024, 16, 2209 13 of 23

Results regarding head-dippings revealed a reduction in both the number (Figure 8A)
and duration (Figure 8B) of head-dippings among obese animals (p < 0.01), with respect to
the lean group, pointing to anxiety-like behaviour in this first group.
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Figure 8. Anxiety-like behaviour in lean and obese mice. Hole-board test. Number of head-
dippings (A). The number of head-dippings or hole explorations performed during the test du-
ration (5 min) is represented. Time of head-dippings (B). The time spent on head-dippings during
the test duration (5 min) is represented. Each column represents the mean ± SEM of the values
obtained from 16 animals of each group. ** p < 0.01, compared to the lean group. ES for number
of head-dippings = 0.95 (95% CI for lean: (7.8, 13.4), 95% CI for obese: (2.9, 8.4)); ES for time of
head-dippings = 0.98 (95% CI for lean: (16.5, 33.1), 95% CI for obese: (7.1, 17.6)).

Overall, these results indicate that obese animals present anxiety-like behaviour,
showcased by lower locomotion as well as a reduction in head-dipping behaviour compared
to lean animals.

Open Field Test

Results obtained in the open field test also give information about the animals’ anxiety-
like behaviour. Thus, locomotion in the peripheral zone indicates anxiety-like behaviour,
while locomotion in the central zone represents a lower level of anxiety, as the animal feels
safe enough to go out and explore and browse in an open and spacious area. As shown
in Figure 9, obese animals exhibited lower locomotion in the peripheral zone of the open
field test (Figure 9A) with respect to lean animals, although without statistically significant
differences (p = 0.08); while statistically significant lower locomotion in the central area
(p < 0.05) (Figure 9B), as well as total locomotion (p < 0.05) (Figure 9C) were found in this
group of obese animals, compared to the lean animals.
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Figure 9. Anxiety-like behaviour in lean and obese mice. Open field test. Peripheral locomotion
(A). The number of squares crossed in the peripheral zone of the open field during the test duration
(5 min) is represented. Central locomotion (B). The number of squares crossed in the central zone of
the open field during the test duration (5 min) is represented. Total locomotion (C). The total number
of squares crossed during the test duration (5 min) is represented. Each column represents the
mean ± SEM of the number of squares crossed in each zone by 16 animals of each group. * p < 0.05,
compared to the lean group. ES for peripheral locomotion = 0.5 (95% CI for lean: (152.8, 217.3), 95%
CI for obese: (109.7, 191.8)); ES for central locomotion = 0.82 (95% CI for lean: (14.9, 26.4), 95% CI
for obese: (5, 17.7)); ES for total locomotion = 0.57 (95% CI for lean: (170.3, 241.1), 95% CI for obese:
(116.2, 208)).

Altogether, these results provide important insights into the relationship between
obesity and anxiety-like behaviour.

3.3. Systemic Biomarkers of the Stress Response

Once a higher level of anxiety in obese animals was verified through behavioural tests,
whether these differences also existed in some systematic stress and inflammation markers
was assessed.

The table below (Table 3) compares the plasma concentrations of corticosterone, nora-
drenaline and eHsp72 between lean and obese mice. Obese animals had higher concen-
trations of corticosterone than lean ones (p < 0.05); regarding noradrenaline, obese mice
presented reduced concentrations of this hormone (p < 0.05). No differences in eHsp72
concentrations between lean and obese animals were detected.

Table 3. Plasma concentrations of systemic biomarkers of the stress response of lean and obese
animals.

Lean Obese p-Value ES

Corticosterone (ng/mL) 1390 ± 282 (1040.1, 1740.1) 1598.2 ± 42.3 (1545.6, 1650.7) * p = 0.04 * 1.03
Noradrenaline (pg/mL) 11.69 ± 6 (2.2, 21.2) 7.85 ± 2 (5.5, 10.2) * p = 0.05 0.92

eHsp72 (ng/mL) 1.68 ± 1.4 (−0.1, 3.5) 1.49 ± 0.2 (1.3, 1.7) p = 0.4 0.18

Each value represents the mean ± SEM (Confidence Interval 95%) of the values obtained from 5 animals in each
group. Results are expressed in pg/mL or ng/mL. * p ≤ 0.05 compared to the lean group. ES: effect size.

3.4. Systemic Inflammatory Cytokines

Table 4 provides information about the plasma concentrations of systemic inflamma-
tory cytokines in lean and obese mice. As shown, an increase in the pro-inflammatory
cytokine IL-1β was observed in obese animals compared to lean ones (p < 0.05). This
cytokine is one of the main inflammatory mediators responsible for amplifying the immune
response cascade and contributing to the severity of inflammatory diseases.
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Table 4. Plasma concentrations of systemic inflammatory cytokines of lean and obese mice.

Lean Obese p-Value ES

IL-1β 10.4 ± 2 (4.8, 16.1) 13.5 ± 0 (13.5, 13.6) * p = 0.04 * 0.97
IL-10 22.5 ± 5.6 (7, 38) 25.3 ± 9.7 (−1.7, 52.3) p = 0.39 0.16
IL-6 15 ± 2.2 (8.7, 21.2) 18.1 ± 3.1 (9.4, 26.8) p = 0.23 0.5

TNF-α 14.3 ± 4.1 (2.8, 25.8) 17.8 ± 4.4 (3.6, 27.9) p = 0.41 0.2

Each value represents the mean ± SEM (Confidence Interval 95%) of the values obtained from 5 animals in each
group. Results are expressed in pg/mL. * p < 0.05 compared to the lean group. ES: effect size.

However, although a clear trend for increased IL-6 and TNF-α was observed in the
obese animals, no significant differences were found in the systemic concentrations of
these pro-inflammatory cytokines, and neither in the concentrations of anti-inflammatory
cytokine IL-10.

3.5. Microbicide Capacity

Peritoneal macrophages play a crucial role in the immune defence against infections.
The microbicide capacity of peritoneal macrophages refers to their ability to destroy or
eliminate pathogenic microorganisms, such as bacteria, fungi, or parasites, significantly
contributing to the host’s immune response in the presence of infectious agents. Figure 10
shows the results of the oxidative burst assay in lean and obese mice. Obese animals
exhibited a reduced microbicide capacity (p < 0.05) as represented by the percentage of
peritoneal macrophages that produce O2

− upon the ingestion of bacteria.
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Figure 10. Microbicide percentages of peritoneal macrophages from lean and obese mice. Each
column represents the mean ± SEM of the values obtained from 8 animals in each group. Results are
expressed in percentages. * p < 0.05, compared to the lean group. ES = 0.52 (95% CI for lean: (20.1,
43.4), 95% CI for obese: (15.9, 35)).

3.6. WAT Crown-like Structures

A distinctive trait of macrophages infiltrating adipose tissue is their formation of an
aggregate around dead adipocytes that resembles a crown, known as a crown-like structure
(CLS), which is observable using immunohistochemical techniques. Table 5 presents the
results regarding the formation of these structures within the white adipose tissue, showing
a significantly greater number of CLSs in the obese group compared to the lean group
(p < 0.001) (Figure 11). This result clearly suggests a pro-inflammatory state linked to the
formation of these structures, as an indistinguishable hallmark of obesity.
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Table 5. Number of crown-like structures found in the adipose tissue of lean and obese mice.

Lean Obese p-Value ES

CLS 0.2 ± 0.2 (−0.4, 0.8) 3.8 ± 0.6 (2.2, 5.4) *** p = 0.0002 3.7
Each value represents the mean ± SEM (Confidence Interval 95%) of the values found in the adipose tissue
of 5 animals in each group, through the use of fluorescence microscopy in 10 randomly selected fields at 40×
magnification. *** p < 0.001 compared to the lean group. ES: effect size.
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(blue) (B,E) and F4/80 antibody (green) (macrophage marker) (C,F). Scale bar: 50 µm.

4. Discussion

It is well known that obesity represents an immunological and metabolic disorder, with
significant implications for physical, psychological, and social well-being [36], associated
with comorbidities and metabolic dysfunctions. However, to the best of our knowledge,
the present investigation is the first to analyse the interplay between the stress, immune,
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endocrine, metabolic, and behavioural axis, altogether demonstrating that this relationship
is crucial for a better understanding of the pathogenesis and development of this condition,
which could enable us to establish optimal strategies for its control and prevention.

As expected, the high-fat diet model proved effective in inducing a state of metabolic
obesity, resulting in an increased body weight gain during the 18 weeks of the diet protocol
and a higher body weight at the end of the intervention, together with hyperglycaemia and
adipocyte hypertrophy, thus indicating a progressive worsening of insulin resistance [37].
Furthermore, cholesterol values were impaired after the diet protocol, and, although
differences in triglyceride levels were not found, higher concentrations of this parameter
were observed in the group of obese animals. On the other hand, in spite of the impairment
of metabolic parameters and the increase in body weight, food intake in obese animals was
not higher; in fact, it significantly decreased, probably due to the satiety produced by the
hyperlipidic content of the chow administered.

The study of physical condition and behaviour in obese individuals has allowed for
a more detailed analysis of this condition, as this disease is not only manifested at the
systemic or molecular level but is also reflected in the behaviour of individuals. Some
studies have shown that diets enriched in fats and cholesterol can lead to disturbances in
the lipid metabolism and disrupted homeostasis, and can also affect brain structures by
reducing the volume of the hippocampus. Altogether, this can negatively impact various
physiological activities within the brain, including structural development, nerve impulse
conduction, neurogenesis, synapse formation, and myelination, as well as behaviour and
cognitive functions such as memory, psychomotor efficiency, neural efficiency, attention,
and information processing [8–10,35]. Thus, in this investigation, a battery of behavioural
tests was performed to assess the physical condition, the sensorimotor response, and the
anxiety-like behaviour of animals under a high-fat diet experimental protocol.

First, changes in body composition that occur during the development of obesity could
worsen physical conditions, and therefore, the strength of the individual [38,39]. One of
the changes in body composition of obese individuals is a higher proportion of adipose
tissue compared to muscle tissue [40]. This excess fat and its ectopic accumulation, another
characteristic of obesity, can interfere with the muscles’ ability to generate force due to the
pressure exerted by fat on them [41]. The results presented in this study demonstrate that
obesity worsens the physical condition of animals and significantly reduces their strength,
indicating that obesity exacerbates this capacity and could be limiting physical activity
in obese animals, likely due to the excess adipose tissue and insulin resistance caused by
the associated diabetes. Moreover, this loss of strength and, thereby, possible changes in
muscle fibre composition due to the loss of lean mass (muscle) and the gain of fat mass,
would also be related to the poor motor response found in the obese animals in this study,
explaining the worse percentages in the performance and completion of tests assessing
both coordination and balance in the obese group of animals. Other studies point out that
obesity has been shown to negatively affect the morphology and function of the structures
of the vestibular system, responsible for balance and coordination, leading to alterations in
these motor systems [42], while it is also thought that structural alterations in several brain
regions as a consequence of a state of obesity may be associated with deficits in cognitive
and motor domains [43,44]. Thus, obesity affects, directly or indirectly, not only muscle
vigour, but also balance and motor coordination, worsening the sensorimotor responses
which further complicates the condition of this disease.

We also characterized the global impact of diet and obesity on mice behaviour, par-
ticularly assessing the stress response and the anxiety-like behaviour. Regarding the pain
response, for example, obese animals presented a trend towards a decrease in latency time,
suggesting a higher pain sensitivity compared to lean animals. This reaction could be
explained by the alteration of nociceptive perception, as a possible cause of an underlying
inflammation, which would produce hyperalgesia in obese animals, so they would react
earlier to that pain [45,46].
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On the other hand, the rest of the behavioural tests also performed in this study
revealed a robust effect of obesity on anxiety-like behaviour, manifested by a lower central,
peripheral and total locomotion, together with the presence of behavioural patterns related
to anxiety (like head-dippings). Thus, the lower percentage of time in the open arms of the
elevated plus maze test, the lower total locomotion in the hole-board test, the lower number
and time of head-dippings and the lower central and total locomotion in the open field
test performed by obese mice, altogether, provide definitive evidence of an anxiety-like
behaviour related to the obese state.

All these tests are based on thigmotaxis behaviour, the tendency of rodents to explore
and move along the edges of a space, rather than directly across it. When a rodent is in a new
or unfamiliar environment, it tends to feel more secure and comfortable when in contact
with surfaces, such as walls or other objects. Thigmotaxis is a natural, adaptive behaviour
that can help rodents feel protected and orient themselves in their environment [47]. By
maintaining constant contact with surfaces, they can obtain tactile and spatial information,
allowing them to avoid obstacles, find shelter, and locate resources such as food or hiding
places. It is in this type of situation that we refer that the animal’s state of anxiety as higher,
as it feels potentially threatened and therefore tends to seek shelter. On the contrary, when
the animal’s state is calm, it may go to the surface and more open areas in order to browse,
showing less anxious and fearful behaviour. The lack of this last behaviour was noted in
our battery of tests, when the animals reduced their time in the open arms or locomotion in
central zones and in total, depicting a state of anxiety in those animals. In the case of the
hole-board test, the reduction in the number of crossed squares is associated with freezing
behaviour, one of the behavioural patterns performed by an anxious animal [48], since it
remains stationary in a particular area of the board, thereby reducing its locomotion. Finally,
other patterns that reflect an anxiety state are the frequency and time of head-dippings
(analysed in the hole-board test too), which were reduced in obese mice, and are considered
inversely proportional to the animal’s anxiety state [32]. In this model of obesity induced
by a hyperlipidic diet, it is clear that obesity produces stress and anxiety-like behaviour, in
addition to poor motor coordination and balance response.

Additionally, systemic stress biomarkers were also assessed. Corticosterone is the
main glucocorticoid released by rodents, involved in the regulation of metabolism, im-
mune, and stress response [49,50]. The fact that obese animals show a high concentration
of systemic corticosterone could be reflecting the presence of chronic stress, since when a
stressor is sustained over time, glucocorticoid levels remain sufficiently elevated to recruit
the network of responses to that stress [51]. These results, together with the ones demon-
strating the anxiety-like behaviour in obese mice, would be supporting this behaviour
quantitatively through a stress biomarker, in this case corticosterone, reinforcing the hy-
pothesis that obesity can lead to a state of chronic stress/anxiety in individuals suffering
from this disease.

Regarding noradrenaline, a decrease in the systemic concentrations of this neurotrans-
mitter was observed in obese mice. This result is in agreement with those obtained in
humans and rodents with obesity [52–54]. It is known that noradrenaline plays a crucial
role in the regulation of body weight and energy metabolism. These hormones bind to
cells that carry adrenergic receptors, thus stimulating the breakdown of fat, and releasing
energy [55]. However, obesity provokes alterations in noradrenergic functions [56,57], such
as changes in the sensitivity and expression of adrenergic receptors [58] which could induce
resistance to catecholamines by adipocytes [53]. However, this noradrenergic dysregulation
manifests itself differently in different types of obesity [56,57], sometimes by increasing
circulating levels of noradrenaline [58]. For example, in a Zucker rat model of genetic
obesity, we observed an overactivity of the sympathetic nervous system that generated an
increase in systemic concentrations of NA, also related to the inflammatory state of the
animals [58]. Therefore, the decrease in systemic noradrenaline concentrations found in the
obese animals in the present study could be due to a specific noradrenergic dysregulation
associated with metabolic and inflammatory alterations in high-fat diet-induced obesity.
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Thus, when we evaluated the inflammatory response, in parallel to the systemic stress
response, elevated circulating concentrations of IL-1β were found in the present high-fat
diet-induced obesity model. IL-1β, which is mainly produced by macrophages, is one of the
key inflammatory cytokines responsible for amplifying the immune response cascade and
contributing to the severity of inflammatory diseases [59–61]. Additionally, in the context
of immunoneuroendocrine interaction, IL-1β activates the hypothalamic-pituitary-adrenal
(HPA) axis for the release of glucocorticoids, according to the results herein observed. This
physiological increase of corticosterone induced by the pro-inflammatory cytokine IL-1β
has physiological relevance for preventing organisms from an excessive inflammatory
response [62], and it seems to be altered in the high-fat diet-induced obese animals. Taking
into account that NA inhibits the macrophage release of IL-1β [63,64], the decrease in the
NA concentration is also consistent with the increase in the IL-1β systemic concentration.

The adrenergic regulation of the immune system, and particularly of the macrophage-
mediated innate/inflammatory immune response, depends on the activity of the sym-
pathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis, and
obesity is a condition that presents immunological, sympathetic activity, and HPA axis
changes [65]. The dysregulated inmunoneuroendocrine interaction mediated by cytokine-
induced inflammatory response and the SNS and HHA axis seems also dependent on the
type of obesity and their metabolic and inflammatory dysfunction. Previous results from
our research group demonstrated, in the genetic model of metabolic syndrome (Zucker rat),
that increased NA has an inhibitory role in the release of IL-1β and stimulates the release
of IL-6 by peritoneal macrophages [66]. Thus, the decrease in NA concentration explains
the increase in the IL-1β and the absence of significant modifications in the concentration
of IL-6 in the present model of obesity. In addition, while an alteration of the IL-6/NA feed-
back and impairment in the NA-mediated regulation of cytokines released by peritoneal
macrophages are involved in genetic-induced obesity [58,66], the dysregulation between
the IL-1β-mediated inflammatory response and corticosterone-mediated stress response is
involved in the high-fat diet-induced obesity.

In addition to generating stress and anxiety-like behaviour, obesity causes a worsened
innate immune response, the first defence mechanism against attack by pathogens based
on the action of phagocytic cells (mainly neutrophils and macrophages) and products
released by these cells, including inflammatory cytokines. It has been shown that obese
animals present a worsened innate immune response in circulating monocytes [67] and
peritoneal macrophages [68] compared to lean ones. For this study, peritoneal macrophages
were used for assessing the microbicide capacity of obese animals, since those cells are
the most representative macrophages among all macrophage populations in the body,
making them ideal for assessing the activation status of this cell type. Obese animals in
this study were found to have a reduced microbicide capacity, reflecting a weakened innate
immune response that can underlie the greater susceptibility to infections reported in
obese individuals [69]. Since NA can stimulate [70] and glucocorticoids inhibit [71,72] the
microbicide capacity of phagocytes, differences in the concentrations of corticosterone and
NA between obese and lean animals in the present study are compatible with the results
obtained regarding the microbicide capacity of peritoneal macrophages.

Moreover, adipose tissue is crucial in regulating systemic energy homeostasis and
assumes a pivotal function in the regulation and maintenance of a state of obesity, in which
inflammation and macrophages also play an important role. During obesity, WAT can
undergo severe dysfunction, impeding its proper expansion to store excess energy [73].
This is because during overnutrition, mature adipocytes accumulate more fat and, as a
result, there is an increase in the size of adipocytes (hypertrophy), and/or the number
of adipocytes (hyperplasia). When assessing this tissue, it was clear that the adipocytes
from the obese group present hypertrophy, exhibiting a much larger size compared to
the lean group. These results are important, since it is known that in healthy conditions,
WAT, in addition to being the main fat storage depot, has endocrine functions by secreting
adipokines and cytokines systemically [74]. Thus, obesity causes a phenotypic change in
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this tissue, characterized by the appearance of inflamed and dysfunctional adipocytes that
locally and systemically secrete pro-inflammatory cytokines that disrupt the normal func-
tion of the adipose tissue. Macrophage infiltration is responsible for the development and
maintenance of obesity-induced inflammation, and for many pro-inflammatory molecules
secreted by this tissue [36,75]. A characteristic feature of these macrophages is that they
form a crown-like aggregate around dead adipocytes, known as a crown-like structure
(CLS). These crown-shaped structures form around necrotic adipocytes because once the
cell is dead it would have to be removed. The results obtained in the present work are in
line with those of previous studies, as well as those of our research group [20], showing
a significant increase in the number of CLSs in the group of obese mice, compared to the
lean animals, confirming the presence of these structures more frequently in the obese
group, and, therefore, a greater number of necrotic adipocytes, due to obesity and its
underlying inflammation.

Considering the severity and frequency of this disease, these results can contribute
to a better understanding of the interplay between the state of obesity and the broad
immunoneuroendocrine, metabolic, behavioural, and inflammatory axis, measured for the
first time together in the same model of animal obesity, with the aim of gaining deeper
insights into the pathophysiological implications of this disease and its comorbidities in
order to address possible preventive measures and new effective intervention strategies for
this syndrome.

5. Conclusions

High-fat diet-induced obesity with an impaired metabolic status (glucose and lipid
metabolism) provokes a worsened physical condition, poor motor coordination and balance,
the presence of anxiety-like behaviour and stress, and a weakened innate immune response.
Inmunoneuroendocrine (the interaction between the inflammatory response mediated by
IL-1β and the stress response mediated by corticosterone) and noradrenergic dysregulation,
and infiltrated inflammatory macrophages are features that underlie these effects. It is
essential to clearly understand these interactions when developing potential strategies
and approaches for the control and management of obesity. Thus, in the clinical practice
involving dietary strategies for obesity (with or without adequate and non-detrimental
exercise programs), it seems imperative to avoid or reduce anxiety and stress in order to
achieve effective metabolic and immunophysiological benefits.
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