
Frontiers in Behavioral Neuroscience 01 frontiersin.org

Supplementation with inulin 
reverses cognitive flexibility 
alterations and modulates the gut 
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Introduction: Alterations in cognitive performance are associated with 
inadequate nutritional states and diet composition. Prebiotics, such as inulin, 
are substances that can modulate the gut microbiome and, consequently, brain 
function by producing metabolites such as short-chain fatty acids (SCFAs). This 
study aimed to evaluate the effect of supplementation with inulin on cognitive 
flexibility, body composition, and gut microbiota in a murine model exposed to 
a high-fat (HF) diet.

Methods: CD1 mice were divided into five groups: control fed a standard diet 
(C), high-fat diet (HF), inulin (I), high-fat diet with inulin (HFI), and manipulation 
control (M). Dietary supplementation was administered for 6 weeks. Cognitive 
flexibility was assessed using the Attentional Set-Shifting Test (AST). In addition, 
body composition was measured via electrical bioimpedance and adipose 
tissue compartments of each mouse were removed and weighed. Finally, gut 
microbiota metataxonomic was analyzed through metataxonomic bacterial 16S 
rRNA sequencing.

Results: We observed that HF group required more AST trials than the C, HFI, 
and I groups in the compound discrimination (CD) and extra-dimensional (ED) 
stages. Notably, the HFI group required fewer trials than the HF group in the 
ED stage (p  =  0.0187). No significant differences in overall body composition 
were observed between the groups. However, the percentage of gonadal 
and peritoneal adipose tissue was significantly higher in the HF and I groups 
compared to the C group. Statistically significant differences in alpha diversity for 
gut microbiota were observed using the Shannon, Simpson, and Chao1 indices. 
The I group showed a decrease in bacterial diversity compared to the HF group. 
While no differences were observed between groups in the phyla Bacillota 
and Bacteroidotes, Clostridium bacteria represented a lower proportion of 
sequences in the I group compared to the C group. Additionally, Lactobacillus 
represented a lower proportion of sequences in the HF group compared to the 
C and I groups.

Discussion: These findings suggest that supplementation with inulin could be 
a useful approach to mitigate the negative effects of an HF diet on cognitive 
flexibility and modulate gut microbiota composition.
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1 Introduction

Cognitive function involves learning, retaining, and recalling 
information (Luine, 2014). It includes executive functions, such as 
reasoning and problem-solving, working memory, and cognitive 
flexibility (Harvey, 2019; Jones and Graff-Radford, 2021). Cognitive 
flexibility is defined as the ability to adapt self-behavior adequately and 
efficiently according to a changing environment, often measured 
through task-switching tests (Dajani and Uddin, 2015). Neurons in the 
medial prefrontal cortex play a key role in cognitive control tasks, such 
as attentional set-shifting or attentional selection processes (Fodoulian 
et al., 2020; Colacicco et al., 2002), enabling set- or task-switching by 
encoding trial feedback information (Spellman et al., 2021).

Bidirectional interactions between the brain and the gut, involving 
neural, endocrine, and immune pathways, are well established (Mayer 
et al., 2022). The neuro-immune-endocrine axis plays an important 
role in maintaining systemic homeostasis. Therefore, alterations in gut 
function are increasingly recognized as being associated with central 
nervous system (CNS) disorders, with gut dysfunction often preceding 
the onset of neurological symptoms (Margolis et al., 2021).

The gut microbiota communicates and promotes changes in the CNS 
by secreting various bioactive metabolites, including short-chain fatty 
acids (SCFAs) and folate (Tooley, 2020). It is also known that several 
bacterial strains in the intestinal lumen can secrete neurotransmitters or 
their precursors (e.g., serotonin, noradrenaline, dopamine, and 
γ-aminobutyric acid), as well as endotoxins, which enter the circulatory 
system and exert regulatory effects on the CNS (Silva et al., 2020).

Diet is a key factor in shaping both the gut microbiota and brain 
function throughout one’s lifespan (Berding et al., 2021). Obesity, 
often caused by high-fat (HF) or low-quality diets, can lead to the 
overproduction of circulating free fatty acids, systemic low-grade 
inflammation (Tan and Norhaizan, 2019), changes in the profile of the 
intestinal microbiome, and compromised blood–brain barrier 
integrity, all of which are closely associated with cognitive impairment, 
including deficits in cognitive flexibility (Magnusson et al., 2015; Leigh 
and Morris, 2020).

Inulin is a polysaccharide composed of fructosyl units. It is naturally 
found in over 3,000 plant species, including chicory roots, dahlia tubers, 
bananas, wheat, garlic, leeks, onions, yacon, and Jerusalem artichoke 
(Wieërs et al., 2019; Fontané et al., 2018). Its widespread presence in 
nature makes inulin an easily accessible fiber. In addition, it is associated 
with various health benefits, including weight loss, modulation of 
depressive-like behavior (Qin et al., 2023), and stimulation of probiotic 
bacterial growth, which may be  beneficial for the gut–brain axis, 
cognitive function, and neurogenesis (Szewczyk et al., 2023).

Colonic bacteria ferment prebiotic fibers such as inulin into 
SCFAs (Markowiak and Śliżewska, 2017). While some SCFAs are 
absorbed by colonocytes, those that enter systemic circulation 
reach other tissues, promoting health benefits through the 
modulation of the gut–brain axis (Thursby and Juge, 2017). An 
imbalance in this axis is linked to neuropathologies such as 
depression, where reduced SCFA levels may be  associated with 
altered brain serotonin (5-HT) regulation (O’Riordan et al., 2022). 
Given that SCFAs possess immunomodulatory properties, they 
may be  promising candidates for treating neuroinflammatory 
conditions (Majumdar et al., 2023). Previous studies have shown 
that agave inulin, in combination with probiotics, can reduce the 
production of proinflammatory cytokines and promote the 

synthesis of SCFAs (Romo-Araiza et  al., 2018; Romo-Araiza 
et al., 2023).

Thus, this study aimed to investigate whether supplementation 
with inulin can enhance cognitive flexibility and whether these effects 
are related to changes in body composition and gut microbiota in an 
in vivo model of HF diet.

2 Materials and methods

The Research Ethics Committee of Facultad de Medicina approved 
and registered this study at Universidad Autónoma del Estado de 
México (CONBIOETICA-15-CEI-002-20210531). All experiments 
were carried out in accordance with the bioethical considerations of 
the Mexican Official Standard NOM-062-ZOO-1999.

2.1 Experimental animals

Male CD1 mice were bred in the animal facilities of Facultad de 
Medicina at Universidad Autónoma del Estado de México. They were 
maintained on a 12/12 h light/dark cycle with ad libitum access to food 
and water. Supplementation was initiated at 24 weeks of age. Mice 
were housed individually in separate cages.

The experimental groups were organized as follows: Control (C), 
High-fat (HF), Inulin (I), and High-fat/Inulin (HFI), with n = 6 per 
group, except for the C group, which had n = 7. The sample size for 
each group was determined using the resource equation method. The 
mice were kept in individual cages during the intervention.

2.2 Diet formulation and experimental 
procedure

Dietary supplementation was carried out for 6 weeks. The C and 
I  groups were fed with standard laboratory food (Labdiet 5,001, 
rodent), and the HF and HFI groups were fed with a diet supplemented 
with 20 g of lard/100 g of standard diet. Inulin supplementation was 
administered for 6 weeks via drinking water at 40 mg/mL of blue agave 
inulin (Edulag, Jalisco, México).

2.3 Attentional set-shifting test

The Attentional Set-Shifting Test (AST) was carried out over a 
period of 9 days as follows:

Days 1–4, Food restriction. Food consumption was restricted to 
3.5 g of food per mouse for all groups, and animals were moved to the 
area where the test would be applied. On day 4, the bedding was 
changed and remained the same until the final day of the test.

Food restriction was maintained until the final day of the test, 
ensuring that animals did not lose more than 20% of their body 
weight. To avoid additional stress for experimental animals during the 
test, they were familiarized with the manipulator hand, one at a time, 
for one minute.

Days 5–6, Acclimatization/Habituation. From this phase until the 
application of the test, a white plexiglass box measuring 20 cm x 51 cm 
x 25 cm, divided into three sections with a removable divider that 
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separated one-third of the rest of the box, was used, placing bedding 
from the cage of the animal under examination.

The two other sections contained two ceramic containers, each 
with a treat (1/8 Honey Nut Cheerio®, Nestlé) as a reward. Animals 
were allowed to explore and become familiar with the test box for 
3-min intervals over 1 h.

Day 7, Training. A treat was placed in each ceramic container 
inside the Plexiglas box. The treat was then covered with bedding from 
the test animal’s cage, and this process was repeated to train each 
animal to dig for the reward. If animals failed to demonstrate the 
ability to dig after 2 h, a second day of training was provided. Animals 
that did not learn to find the reward were excluded from the study.

Days 8–9, Testing. The test was divided into seven stages (Table 1); 
the first three stages were performed on day 8, and the last four were 
performed on day 9. A stage was considered complete when the 
animal succeeded in choosing the positive stimulus eight consecutive 
times. Stage characteristics are described as follows:

 • Simple discrimination (SD): In this stage, odor was used as the 
stimulus and cue for reward placement. The test box contained 
filter paper infused with a drop of clove scent to indicate the 
reward location, whereas the jasmine scent was used as a negative 
stimulus, as it was not related to the presence of rewards. 
Subsequently, each container was filled with bedding, and the 
chosen stimulus was established as the first container in which an 
animal dug to look for the reward.

 • Compound discrimination (CD): In this stage, odor continued 
to be the relevant stimulus. The same odors used in the SD stage 
were utilized, with clove serving as the positive stimulus. To 
introduce an irrelevant stimulus, the bedding from the previous 
stage was replaced with raphia and confetti.

 • Reversal 1 (R1): In this stage, provided stimuli were the same as 
in the previous stage, but the negative stimulus became the 
positive stimulus and vice versa, relating to rewards.

 • Intradimensional shift (ID): In this stage, both odors and bedding 
compositions were modified. Odor remained the relevant 
stimulus. The positive stimulus for this stage was rosemary, while 
the negative stimulus was cinnamon. Wood pellets and small 
plastic spheres were used to replace bedding.

 • Reversal 2 (R2): Similar to R1, changing the negative stimulus for 
the positive one and vice versa, using the new stimuli as in the 
ID stage.

 • Extradimensional shift (ED). From this stage onwards, the 
excavation medium became the reward-relevant stimulus. Velvet 
was added to the bedding as a positive stimulus, while crepe 
paper became the negative stimulus. Lavender and peppermint 
odors were added as irrelevant stimuli.

 • Reversal 3 (R3): Finally, the previous stage’s negative stimulus was 
turned positive, and vice versa.

2.4 Body composition and adipose tissue 
analysis

One day after the AST assessment, mice were sacrificed in a CO2 
chamber at a rate of 2 L/min of O2 displacement, and body composition 
was immediately measured using electrical bioimpedance and an 
ImpediVet BIS1. According to the technical specifications of the 
equipment, four needle electrodes were inserted subcutaneously along 
each animal’s body to perform the evaluation. The percentages of total 
water, intracellular water, extracellular water, fat mass, fat-free mass, and 
body mass index (BMI) were obtained. Then, the animals were dissected 
to obtain fat tissue compartments (inguinal, gonadal, peritoneal, and 
retroperitoneal), and each fat tissue was weighed using an analytical scale.

2.5 Metataxonomic analysis of gut 
microbiota

An additional manipulation control group (M) comprising five mice 
was added for this part of the project. The M group was not subjected to 
the cognitive test and the pre-test food restriction. This group was kept 
in the same conditions as the previous groups and fed the standard diet 
for the full 6-week supplementation period. In each animal, dissection 
of the small and large intestines was performed, and the intestinal 
lumens were rinsed with distilled water using a syringe filled with 
tamponed PBS 1X. The intestinal liquid was collected in 10 mL tubes 
and stored at −70°C. DNA from intestinal content samples was extracted 
using a Quick-DNA™ Fecal/Soil Microbe Miniprep Kit (D6010, ZYMO 
Research), following the instructions provided by the manufacturer. The 
16S rRNA gene was amplified by PCR to confirm the presence of 
bacterial DNA in the intestinal content. Extracted DNA was sequenced 
at the Integrated Microbiome Resource (IMR) at Dalhousie University 
in Canada, using the V3-V4 hypervariable regions for bacteria in the 

TABLE 1 Evaluation protocol for attentional set-shifting test.

Stage Dimension Combinations of stimuli

Relevant Irrelevant Positive Negative

Simple Discrimination (SD) Odor Excavation medium Clove/sawdust Jasmine/sawdust

Compound Discrimination (CD) Odor Excavation medium Clove/raphia Jasmine/metallic confetti

Reversion 1 (R1) Odor Excavation medium Jasmine/metallic confetti Clove/raphia

Intradimensional shift (ID) Odor Excavation medium Rosemary/wooden balls Cinnamon/plastic balls

Reversion 2 (R2) Odor Excavation medium Cinnamon/plastic balls Rosemary/wooden balls

Extradimensional shift (ED) Excavation medium Odor Velvet/lavender Crepe paper/mint

Reversion 3 Excavation medium Odor Crepe paper/mint Velvet/lavender

Representative example of the application of the attentional set-shifting test (AST) through the combinations used in the progression of the stages. It shows the use of odor as a relevant 
dimension in the first five stages and then the change of digging medium (bedding composition) as a relevant dimension. Positive, relevant stimuli have been marked with bold type.
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FIGURE 1

Effects of 6-week exposure to high-fat diet and inulin supplementation, plotted with standard error of the mean according to the number of attempts 
for Control: C, High-fat: HF, Inulin: I, and High-fat/Inulin: HFI groups, for Simple discrimination: SD, Compound discrimination: CD, Reversal 1: R1, 
Intradimensional shift: ID, Reversal 2: R2, Extradimensional shift: ED and Reversal 3: R3 AST stages. See individual data at ST1 in the 
Supplementary material.

samples using the Illumina MiSeq system. Bioinformatics analysis was 
performed using the bioinformatics server at the Microbiology and 
Environmental Biotechnology Laboratory at the Universidad Autónoma 
Metropolitana-Lerma, with the bioinformatics data processing software 
mothur v.1.48.0 for Linux (Schloss et al., 2009). Subsequently, to remove 
chimeric sequences, we used the VSEARCH source (Rognes et al., 2016).

2.6 Statistical analysis

All data are presented as mean ± standard error. AST results were 
analyzed using a two-way analysis of variance (ANOVA). Body 
composition, adipose tissue, and body weight data were analyzed 
using one-way ANOVA, followed by Tukey’s and Dunnett’s post-hoc 
tests. Analyses were conducted using GraphPad Prism version 10.2.1 
software. Bacterial composition and the alpha diversity index of gut 
microbiota, obtained from bioinformatic analysis, were examined 
using one-way ANOVA and Tuckey-Kramer post-hoc tests. A p-value 
of ≤0.05, with a 95% confidence interval, was considered significant. 
These analyses were conducted using STAMP v2.1.3 software (Parks 
et al., 2014).

3 Results

3.1 Effects of HF diet and inulin 
supplementation on attentional 
set-shifting test performance

To determine whether dietary composition and supplementation 
with inulin affected cognitive flexibility, we compared the AST results 

obtained from the experimental groups under study (Figure  1; 
Supplementary Table S1). Statistical analysis revealed differences 
between all groups (F3, 147 = 7.357, p = 0.0001). We  also observed 
significant differences across the AST stages (F6, 147 = 4.193, p = 0.0006). 
However, no significant differences were found by Group × Stage 
interactions (F18, 147 = 0.8400, p = 0.65).

In the SD stage, there were no significant differences in the 
number of trials among groups, while in the CD stage, the HF group 
performed a higher number of trials to achieve completion than the 
I group (p = 0.0473). No significant differences were observed in the 
ID stage between experimental groups. Furthermore, there were no 
differences in the number of trials in any of the reversal stages (R1, R2, 
R3) among the C, HF, I, and HFI groups. In the ED stage, the HF 
group performed the highest number of trials to achieve completion, 
compared to the C group (p = 0.0008), the HFI group (p = 0.0187), and 
the I group (p = 0.0217) (Figure 1).

3.2 Effects of HF diet and inulin 
supplementation on body composition and 
body fat distribution

After 6 weeks of dietary intervention and the application of the 
AST, we  measured and compared the body composition of 
experimental groups to evaluate the effects of HF and 
supplementation with inulin in our model (Supplementary Table S2). 
There were no significant differences in the amounts of total water 
(F3,21 = 0.2281, p = 0.8758), intracellular water (F3,21 = 0.6292, 
p = 0.6043), extracellular water (F3,21 = 0.6476, p = 0.5932), fat mass 
(F3,21 = 0.2282, p = 0.8757), fat-free mass (F3,21 = 0.2282, p = 0.8757), or 
BMI (F3,21 = 1.156, p = 0.3499) among the HF, C, I and HFI groups 
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(Figure 2). We also measured and compared fat distribution in mice 
(Supplementary Table S3).

There were no significant differences in the percentage of inguinal 
adipose tissue (F3,21 = 0.8558, p = 0.4792, Figure 3A) and retroperitoneal 
adipose tissue (F3,21 = 1.826, p = 0.1734, Figure  3B). However, 
significant differences were observed in the percentages of gonadal 
adipose tissue (F3,21 = 3.23, p = 0.04, Figure 3C) and peritoneal adipose 
tissue (F3,21 = 6.10, p = 0.003, Figure 3D) across the different groups 
(Supplementary Table S4). The percentage of gonadal tissue was 
higher in the HF group compared to the C group (p = 0.0481). 
Moreover, the percentage of peritoneal adipose tissue was higher in 
the HF group compared to both the C (p = 0.0121) and 
I (p = 0.0115) groups.

3.3 Effects of HF diet and inulin 
supplementation on gut microbiota 
composition and diversity

The relative abundance of bacterial DNA and the differences 
presented at various taxonomic levels in intestinal contents were 
assessed using 16S rRNA sequencing. Significant differences in 
bacterial diversity were observed between groups using the Simpson, 
Shannon, and Chao1 diversity indexes (Table 2). Post-hoc tests for the 

Simpson index revealed that the HF group showed increased bacterial 
diversity compared to the I and C groups. Interestingly, a trend to a 
statistical difference between HF and HFI was seen (p = 0.07). The M 
group did not differ significantly from the HF and I groups.

Regarding the Shannon index, the I group showed a decrease in 
bacterial diversity compared to the HF and M groups. No significant 
differences were observed in the I group compared to the HFI and M 
groups. Post-hoc tests for the Chao1 index revealed a decrease in 
bacterial richness in the I  and HFI groups vs. the M group. No 
significant differences were found between the I and HFI groups and 
the C and HF groups.

Figure 4A shows the relative abundance of Bacillota (66–81.4%), 
Bacteroidetes (15.6–19.9%), and Actinobacteria (0.9–13.0%) as the 
dominant phyla across the HF, I, and HFI groups. However, no 
differences in the Bacillota (F4,15 = 2.619, p = 0.0779), Bacteroidetes 
(F4,16 = 0.3, p = 0.8736), Actinobacteria (F4,10 = 2.576, p = 0.1037) 
phylum were found between groups. The dominant genus (Figure 4B) 
across the C, M, I, and HFI groups was Lactobacillus (53.3–21.8%). In 
comparison, the HF group presented a 9.2% abundance of 
Lactobacillus, and the dominant genus of the HF group was Barnesiella 
(12.5%).

At the family level (Figure  5), statistical differences in the 
proportion of sequences were found. A higher proportion of 
Lactobacillales_unclassified (Figure 5A) sequences were observed 

FIGURE 2

Effects of 6-week exposure to high-fat diet and inulin supplementation on body composition, represented by % total water (A), % extracellular water 
(B), % intracellular water (C), % fat-free mass (D), % fat mass (E), as well as body mass index (BMI) (F), among Control: C, High-fat: HF, Inulin: I, and High-
fat/Inulin: HFI groups. See individual data and statistics at ST2 in the Supplementary material.
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in the C group compared to HFI (p < 0.01), HF (p < 0.01), and M 
groups (p < 0.05). In addition, mice belonging to the I  group 
presented a higher proportion of sequences of Lactobacillales_
unclassified compared to the HF (p < 0.02) and HFI (p < 0.02) 
groups. Lactobacillaceae (Figure 5B) presented a lower proportion 
of sequences in the HF group compared to the C (p < 0.05) and 
I groups (p < 0.02). Ruminococcoccaceae (Figure 5C) presented a 
higher proportion of sequences in the HF group vs. the I group 

(p < 0.02). Peptostreptococcaceae (Figure  5D) presented a lower 
proportion of sequences in the I group vs. the M group (p < 0.05).

At the genus level, Clostridium_XI (Figure 6A) presented a lower 
proportion of sequences in the I group vs. the M group (p < 0.05), as 
did Clostridium_IV (Figure 6B), which presented a lower proportion 
of sequences in the I group vs. the M group (p < 0.02). In addition, 
Lactobacillus (Figure 6C) presented a lower proportion of sequences 
in the HF group compared to the C (p < 0.05) and I (p < 0.02) groups.

FIGURE 3

Effects of 6-week exposure to high-fat diet and inulin supplementation on body fat distribution, represented by % inguinal adipose tissue (A), % 
retroperitoneal adipose tissue (B), % gonadal adipose tissue (C), and % peritoneal adipose tissue (D) for Control: C, High-fat: HF, Inulin: I, and High-fat/
Inulin: HFI groups. See individual data and statistics at ST3 and ST4 in the Supplementary material.

TABLE 2 Alpha diversity of the gut microbiota of the colon of CD1 mice.

Index Groups ANOVA

M C HF I HFI F(DF) p value

ab a b a ab

Simpson 33.9 ± 4.6 18.4 ± 2.6 41.4 ± 6.2 18.1 ± 2.7 21.4 ± 7.7 4.2(4) 0.009

a ab a b ab

Shannon 4.7 ± 0.07 4.1 ± 0.09 4.6 ± 0.16 3.7 ± 0.18 3.9 ± 0.32 4.73(4) 0.005

a ab ab b b

Chao1 1,695 ± 92 1,165 ± 82 1,361 ± 177 954 ± 76 1,108 ± 165 4.56(4) 0.006

Alpha diversity analyzed with the Simpson, Shannon, and Chao1 diversity indexes expressed as means ± standard error of the mean for gut microbiota in the colon of CD1 mice from Control 
without food restriction: M, Control with food restriction: C, High-fat: HF, Inulin: I, and High-fat/Inulin: HFI groups.
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4 Discussion

HF diets not only contribute to the development of obesity but 
also negatively affect cognitive function. HF diets have been associated 
with decreased cognitive performance and cognitive impairment by 
promoting neuronal apoptosis, neuroinflammation, and neuronal 
insulin resistance, ultimately leading to the pathogenesis of 
neurological disorders (Lee et al., 2018; Kothari et al., 2017; Sah et al., 
2017; Morrison et al., 2010; Zuloaga et al., 2016; Pistell et al., 2010; Liu 
et al., 2014; Salinero et al., 2020; Herculano et al., 2013; Gainey et al., 
2016; Lin et al., 2016; Wang et al., 2018; Janssen et al., 2016; Kim et al., 
2016; Marwitz et al., 2015). In this study, we observed that a 6-week 
HF dietary regimen impaired attention set-shifting abilities in 
experimental animals, particularly at both the CD and ED stages, 
compared to the I, HFI, and C groups. Additionally, we found that the 
cognitive performance of the HFI mice was similar to that of the I and 
C groups.

The set-shifting stages rely on fundamental cognitive functions, 
such as forming associations between stimuli, responses, and 
outcomes, as well as accurately detecting errors. These functions are 
primarily controlled by the prefrontal cortex (PFC) and involve key 
neurotransmitters such as noradrenaline (NA) and dopamine (DA) 
(Bissonette et al., 2013). For example, rodents exposed to chronic 
stress or intermittent cold stress exhibit impaired performance at the 
CD stage (Bondi et  al., 2010; Lapiz-Bluhm et  al., 2009), and this 
impairment can be  reversed through chronic treatment with 
atipamezole, an adrenergic antagonist (Bondi et al., 2010).

Furthermore, NA and DA neurotransmission in the PFC is 
closely linked to working memory performance during the ED 
stage, where successful task completion is associated with phasic 
NA activity and tonic DA activity to maintain attentional focus 
(Pajkossy et al., 2018). Given this, supplementation with inulin 
may modulate NA neurotransmission through SCFA activity, 
thereby preventing cognitive impairment. Future research is 
needed to explore whether supplementation with inulin induces 
brain modifications, such as changes in SCFA receptors, 
neurotrophic factors, or brain plasticity-related proteins, in regions 
associated with cognitive function (e.g., the orbitofrontal cortex, 
prefrontal cortex, and hippocampus).

Studies have reported that prebiotics such as inulin may protect 
against the effects caused by an HF diet, reducing weight gain, adiposity, 
and signs of metabolic syndrome (Zou et al., 2018; Wu et al., 2022). 
However, we did not observe the expected effects on body weight and 
body composition in mice supplemented with inulin and exposed to an 
HF diet, which could be related to the intervention time. Consuming 
inulin after 18 weeks of HF diet can lead to positive health results, such 
as increased energy expenditure, reduced inflammation, and improved 
intestinal mucosal integrity (Jangra et  al., 2019). In addition, the 
consumption of inulin may be a good option to remodel the structure 
and composition of the gut microbiota (Huang Y. et al., 2023).

The supplementation with inulin may also provide benefits in 
glucose metabolism. For instance, 16 weeks of inulin supplementation 
has been shown to improve glucose tolerance and insulin sensitivity 
while also reducing body weight in animals on an HF diet (Huang 
S. et al., 2023).

Moreover, combining various plant fibers may enhance the 
benefits of inulin. For example, the consumption of rhubarb has 
shown greater efficacy in reducing body weight when combined with 
inulin than inulin alone (Régnier et  al., 2023). Similarly, 
supplementation with isoquercetin, a dietary flavonoid, in 
combination with inulin, has been shown to attenuate weight gain, 
reduce adipocyte hypertrophy and hepatic lipid accumulation, and 
improve glucose tolerance and insulin sensitivity (Tan et al., 2018). 
These findings have not been replicated with supplementation with 
inulin alone, which is consistent with our results. Therefore, the use of 
inulin in combination with other prebiotics or probiotics may be more 
effective in modulating cognitive and metabolic functions.

Regarding adipose tissue distribution, our results suggest that an 
HF diet influences the distribution of adipose tissue across the various 
assessed depots, as differences were observed in the percentages of 
gonadal and peritoneal adipose tissues but not in the inguinal and 
retroperitoneal depots. The HF diet increased the amount of fat in the 
gonadal and peritoneal compared to the C group. The abdominal 
adipose tissue in rodents, which includes gonadal and peritoneal tissue 
(Bloor and Symonds, 2014), is related to metabolic disorders and 
cardiovascular diseases (Snijder et al., 2006). HF diet-induced obesity 
increases the amount of gonadal white adipose and the levels of 
exosomal miR-222 in this region, which is implied in obesity-related 

FIGURE 4

Average relative abundance (expressed in %) of phylum (A) and genus (B) taxonomic levels for bacterial gut microbiota contained in the colon of CD1 
mice belonging to Control without food restriction: M, Control with food restriction: C, High-fat: HF, Inulin: I, and High-fat/Inulin: HFI groups.
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insulin resistance (Li et al., 2020). In light of this, future research should 
explore the role of the different adipose tissue depots and the white/
brown adipose tissue ratio in metabolic and cognitive diseases and how 
prebiotic-supplemented diets alter these depots and ratios.

As mentioned above, supplementation with inulin could reverse 
the increase in adipose tissue due to HF diet exposure (Zou et al., 
2018). This could be because long-term inulin consumption could 
modulate lipolysis, adipogenesis, and adipokine synthesis by SCFAs 
through effects on gut hormones, the brain, and the liver (May and 
den Hartigh, 2021). SCFAs stimulate the release of GLP-1, PYY, and 
ghrelin, which, in turn, communicate directly with the brain to 
regulate energy intake and appetite (May and den Hartigh, 2023). 
However, the HFI group did not show this effect on adipose tissue in 

any of the regions assessed. A longer period of supplementation or 
an increase in inulin dose is required to observe the reported effect 
of inulin on the adipose tissue percentage.

We report that both consumption of an HF diet and 
supplementation with inulin can modify the intestinal microbiota, 
which may have an impact on the gut–brain axis. The supplementation 
with inulin can improve the richness (Li et al., 2023) and diversity 
(Feng et al., 2021) of the gut microbiota during the intake of the HF 
diet. However, we did not observe this effect in our study. According 
to the Chao1 index, no differences in bacterial richness were observed 
between the I  and HF groups. Regarding bacterial diversity, the 
Shannon and Simpson indices showed lower diversity in the I group 
compared to the HF group.

FIGURE 5

The proportion of sequences (expressed in %) of the bacterial families Lactobacillales_unclassifield (A), Lactobacillaceae (B), Ruminococcoccaceae 
(C) and Peptostreptococcaceae (D) present in the gut microbiota of the colon of CD1 mice from Control without food restriction: M, Control with food 
restriction: C, High-fat: HF, Inulin: I, and High-fat/Inulin: HFI groups. Meaning of symbols: Cross, star, and horizontal line inside the box denoted for 
outliner, mean, and median of the percentage of the sequences obtained.

https://doi.org/10.3389/fnbeh.2024.1445154
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


González-Velázquez et al. 10.3389/fnbeh.2024.1445154

Frontiers in Behavioral Neuroscience 09 frontiersin.org

In terms of relative abundance, the Bacillota, Bacteroidetes, and 
Actinobacteria phyla were dominant in the gut microbiota of the HF, 
I, and HFI groups, as previously reported (Feng et al., 2021). Moreover, 
inulin consumption is known to increase the proportion of 
Bacteroidetes, which is associated with enhanced SCFA production, 
and to decrease Firmicutes (now renamed as Bacillota) (Huang 
Y. et al., 2023). However, in this study, we did not observe a significant 
difference in the proportions of Bacillota and Bacteroidetes.

A previous report shows that inulin consumption above 5 g/kg/day 
tends to elevate the relative abundance of the Lactobacillaceae family 
(Zhu et al., 2017), which has been associated with cognitive function 
improvement and hippocampal neuroinflammation reduction (Wu 
et al., 2023). Our results confirm these facts since we observed that the 
I group showed a higher proportion of sequences in the Lactobacillaceae 
family and an improvement in the ED stage compared with the 
HF group.

The supplementation with inulin also tends to increase the 
relative abundance of the genera Barnesiella Lactobacillus and to 
decrease the Clostridium XIVa genus in mice fed an HF diet and 
could contribute to the regulation of intestinal SCFA production in 
mice fed an HF diet (Chunchai et al., 2020). This agrees with our 
results since our interventions modified the relative abundance of the 
Clostridium XI, Clostridium IV, and Lactobacillus genera in the 
experimental groups. For the latter genus, we  observed that the 
proportion of sequences in the HF group was smaller than in the C 
and I groups. The SCFAs derived from bacterial fermentation, such 
as the Lactobacillus genus, participate in the maintenance of blood–
brain barrier integrity, helping to control the passage of molecules 
and nutrients from the circulation into the brain, playing a central 
role in brain development and preservation of CNS homeostasis 
(Berding et al., 2021).

Therefore, regarding the gut–brain axis, it is important to analyze 
the impact of supplementation with inulin on cognitive function. 
Inulin consumption is related to the positive remodeling of gut 
microbiome-metabolome matrices, which can be attributed to the 
increase in SCFAs and the reduction in branched-chain amino acid 
levels, helping to decrease neuroinflammation (Kadyan et al., 2024; 
Hoffman et al., 2019). Therefore, chronic consumption of inulin may 

be  considered a potential therapeutic aid for neuroinflammatory 
diseases and improved brain function (Boehme et al., 2020).

Although an animal model was used in this experiment, certain 
limitations remain, such as the inability to fully control variables such 
as a germ-free environment and individual variability. Murine models 
are valuable for studying strategies to improve human health. Future 
studies could focus on evaluating a longer period of dietary intervention 
to further corroborate and expand upon the results presented in 
this study.

In conclusion, prolonged consumption of high-fat diets impairs 
performance at the ED shift stage of the AST in mice. Notably, our 
study shows that supplementation with inulin can mitigate some of 
the negative effects of HF diets on cognitive flexibility, specifically at 
the ED stage of the AST. Furthermore, both inulin and HF diets have 
the potential to modify the gut microbiota. Therefore, supplementation 
with inulin may serve as a potential intervention to prevent or reverse 
the effects of long-term high-fat diet exposure, due to its accessibility 
and low cost. However, long-term supplementation with inulin could 
be recommended to fully achieve the cognitive and gut health benefits.
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