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Long-Term Genistein Consumption Modifies Gut
Microbiota, Improving Glucose Metabolism, Metabolic
Endotoxemia, and Cognitive Function in Mice Fed a
High-Fat Diet

Patricia López, Mónica Sánchez, Claudia Perez-Cruz, Laura A. Velázquez-Villegas,
Tauqeerunnisa Syeda, Miriam Aguilar-López, Ana K. Rocha-Viggiano, Maŕıa del Carmen
Silva-Lucero, Ivan Torre-Villalvazo, Lilia G. Noriega, Nimbe Torres, and Armando R. Tovar*

Scope: The aim of this study is to assess whether the long-term addition of
genistein to a high-fat diet can ameliorate the metabolic and the cognitive
alterations and whether the changes can be associated with modifications to
the gut microbiota.
Methods and results: C57/BL6 mice were fed either a control (C) diet, a
high-fat (HF) diet, or a high-fat diet containing genistein (HFG) for 6 months.
During the study, indirect calorimetry, IP glucose tolerance tests, and
behavioral analyses were performed. At the end of the study, plasma, liver,
brain, and fecal samples were collected. The results showed that mice fed the
HFG diet gained less weight, had lower serum triglycerides, and an
improvement in glucose tolerance than those fed an HF diet. Mice fed the
HFG diet also modified the gut microbiota that was associated with lower
circulating levels of lipopolysaccharide (LPS) and reduced expression of
pro-inflammatory cytokines in the liver compared to those fed HF diet. The
reduction in LPS by the consumption of genistein was accompanied by an
improvement of the cognitive function.
Conclusions: Genistein is able to regulate the gut microbiota, reducing
metabolic endotoxemia and decreasing the neuroinflammatory response
despite the consumption of a HF diet.
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1. Introduction

In recent years, the biological effects
of dietary bioactive compounds, partic-
ularly polyphenols, have been actively
investigated.[1] These molecules present
in foods can explain in part the health
benefits attributed to the consumption
of functional foods.[2,3] Several studies in
vitro and in experimental animals have
demonstrated that polyphenols have bio-
logical effects, which, in many instances,
positively produce health benefits that
have been assessed in epidemiological
and clinical studies in humans.[1] The bi-
ological mechanisms by which polyphe-
nols can produce these effects are not
fully understood, and they are actively
investigated in order to use these com-
pounds as part of the strategies aimed at
slowing or preventing the comorbidities
associated with several chronic degener-
ative diseases, particularly those associ-
ated with obesity.[4,5]
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In recent years, several studies have investigated whether
these effects are in part related to potential interactions be-
tween these molecules and gut microbiota.[6,7] It is known that
dysbiosis of the gut microbiota can be related to the develop-
ment of obesity, as has been demonstrated in mouse and hu-
man studies.[8–10] Furthermore, changes in the abundance of
specific species of the gut microbiota are associated with spe-
cific metabolic changes.[11] Obesity and dysbiosis can trigger
chronic low-grade inflammation.[12,13] Activation of the inflam-
matory state by the microbial imbalance is in part mediated by
changes in the gut permeability that allows for an increase in
the concentration of circulating lipopolysaccharide (LPS), which
stimulates toll-like receptor 4 (TLR4), increasing the concen-
tration of pro-inflammatory cytokines and leading to metabolic
endotoxemia.[14] Furthermore, LPS is known as a potent neuroin-
flammatory agent that can cause neurodegenerative-like changes
in the brain. Therefore, metabolic products of gut bacteria can
influence brain function and integrity. A link between obesity-
induced gut dysbiosis and brain neuroinflammation may be re-
lated to cognitive impairment. In fact, mid-life obesity is con-
sidered a risk factor for developing late-life dementia and even
Alzheimer´s disease.[15]

Several studies have demonstrated that consumption of soy
protein in animal and human studies improved lipid and carbo-
hydrate metabolism. In particular, soy protein can reduce total
and LDL cholesterol levels, attenuate hepatic steatosis in rats or
mice fed high-fat diets, and improve insulin sensitivity in obese
animals.[16–18] There is evidence that a part of these beneficial
health effects is associated with its content of the isoflavones
genistein and daidzein.[19,20] There is evidence that genisteinmay
be involved in the biological mechanism of action of soy protein
on lipid and carbohydrate metabolism.[19,20] In mice fed a high-
fat (HF) diet, short-term genistein supplementation can stimu-
late fatty acid oxidation in skeletal muscle by increasing the phos-
phorylation of the enzyme adenosine monophosphate-activated
protein kinase (AMPK).[20] In addition, genistein supplementa-
tion modulates the microbiome of humanized mice increasing
the latency of breast tumor and reducing tumor growth.[21] How-
ever, there are few studies assessing whether genistein may gen-
erate a change in the gut microbiota. Recently, it was shown that
genistein intake modulates gut microbiota diversity that was as-
sociated with a decrease in the plasma levels of pro-inflammatory
cytokines in nonobese diabetic mice compared to the vehicle-
treated group.[22] However, it has not been demonstrated whether
genistein can modulate the gut–brain interaction.
Therefore, the aim of the present work was to study the effects

of the long-term supplementation of genistein in mice fed anHF
diet on the gut microbiota, biochemical and metabolic variables,
and cognitive conduct to assess whether potential changes in the
gut microbiota due to the dietary bioactive compound genistein
can modify the brain–gut interaction.

2. Experimental Section

2.1. Animal Care and Maintenance

Nine-week-old male C57BL6 mice weighing approximately 20 g
were housed in cages, maintained with a 12 h light/dark cycle at

Table 1. Composition of the experimental diets.

Ingredient [%] C HF HFG

Casein 20 24 24

Cornstarch 39.7 28 27.8

Dextrose 13.2 9.4 9.4

Sucrose 10 7.4 7.4

Soy oil 7 2.5 2.5

Cellulose 5 5 5

Mineral mixture AIN-93M 3.5 3.5 3.5

Vitamin mixture AIN-93VX 1 2 2

Choline citrate 0.25 0.25 0.25

Cystine 0.3 0.3 0.3

Lard 17.7 17.7

TBHQ 0.0013 0.0013 0.0013

Genistein 0.2

22 °C, and randomly assigned to one of the following experimen-
tal diets (n = 8 per group): control diet (C), high-fat diet (HF),
or high-fat diet with 0.2% genistein (HFG). The dose of genis-
tein that mice consumed was approximately 3 mg kg−1 d−1 body
weight. Genistein was obtained from LC Laboratories (Woburn,
MA). Themice had free access to their experimental diets andwa-
ter for 6 months. The diets were administered in dry form, and
the composition of each diet is described in Table 1. The mice
were weighed twice weekly, and food consumption was deter-
mined every day. On the last day of the treatment, the mice were
anaesthetized with sevoflurane (Pisa Farmaceútica, Guadalajara,
JAL.,México). Then, bloodwas collected by cardiac puncture with
a heparinized syringe and centrifuged at 1000 × g for 10 min.
Plasma was frozen and stored at−70 °C until analysis. Liver, adi-
pose tissue, and brain samples were obtained for total RNA and
protein extraction and for histological and immunohistochemical
analyses. Tissues were placed immediately into liquid nitrogen
and stored at −70 °C until further determination. For histologi-
cal analysis, a portion of the tissue was fixed in 10% formalin at
4 °C. The protocol used in this study was approved by the Ani-
mal Committee of the National Institute of Medical Sciences and
Nutrition, Mexico City and complies with the National Institutes
of Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978).

2.2. Indirect Calorimetry

In the fifth month, indirect calorimetry analysis was conducted.
The mice were housed individually in metabolic chambers and
maintained at 22 °C under a 12 h/12 h light–dark cycle. Food was
available from 19:00 to 7:00 h, and water was available ad libitum.
All of themice were acclimatized to themonitoring cages for 24 h
prior to the beginning of an additional 48 h of continuous record-
ings of physiological parameters. The results are shown as the
average of two 12 h/12 h light–dark cycles during the 48 h study.
Themicewereweighed prior to each trial. Allmetabolicmeasure-
ments were obtained using an open-circuit indirect calorime-
try system (Comprehensive Lab Animal Monitoring System,
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Columbus Instruments, OH). The analysis was performed using
CLAX software as supplied by the manufacturer. The respiratory
exchange ratio (RER) was calculated as the VCO2/VO2 ratio dur-
ing the 24 h period.

2.3. Intraperitoneal Blood Glucose Tolerance Test

Additionally, in the fifth month, an intraperitoneal glucose toler-
ance test (IPGTT) was carried out. The mice were fasted for 6 h
before the test. The IPGTT was performed by the administration
of 2 g kg−1 intraperitoneally injected glucose. Blood samples were
obtained from the tail with a test strip at different time intervals,
and glucose was measured with a OneTouch Ultra glucometer
(Accu-Chek Sensor, RocheDiagnostics). The area under the curve
(AUC) was calculated using the GraphPad PRISM version 7.0D
program.

2.4. Behavioral Analysis

Five days before finalizing all dietary interventions, the animals
were submitted to the T-maze spontaneous alternation test to as-
sess workingmemory as previously described (Deacon and Rawl-
ins, 2006). Briefly, the T-maze was made of transparent acrylic
and consisted of three arms (two objective arms: 50× 20× 30 cm;
one starting arm: 60 × 30 × 10 cm; and a central division: 30 ×
10 cm). This test involves two phases. The sample phase consists
of placing the animal at the starting arm and allowing it to choose
between one of the two objective arms. During this phase, a cen-
tral division is placed between the two objective arms. Once the
animal has chosen an arm, it is enclosed and kept in this place for
30 s by closing a guillotine door. Afterward, the animal is removed
from the T-maze and placed back into its home cage for 2 min.
Next, the choice phase is performed. The animal is placed again at
the starting arm but without the central division and is allowed
to choose an arm. If the animal chooses a different arm than that
chosen during the sample phase, it is considered an alternation.
A total of three repetitions of sample-choice phases were done
per animal each day, on two consecutive days. The proportion of
correct answers (alternation of entry to an arm) was calculated
per experimental group.

2.5. Plasma Measurements

The levels of fasting plasma glucose, triglycerides, total choles-
terol, LDL, and HDL cholesterol were determined by using the
biochemical analyzer COBAS (Roche Diagnostics, Indianapolis,
IN). Serum LPSwasmeasured using a competitive inhibition en-
zyme immunoassay (Cloud-Clone Corp, Houston, TX).

2.6. Immunohistochemistry in the Brain

At the end of the study, the brains were removed immediately,
and the left hemisphere was immersed in a 4% fixative solu-
tion of paraformaldehyde for 48 h. Horizontal brain sections (40

μm) were obtained from the hippocampal formation according
to theMouse Brain Atlas[23] (Bregma−1.82 to−2.06). All sections
were immediately immersed in a cryoprotectant solution for light
microscopy (300 g sucrose [J.T. Baker]; 400 mL 0.1 M PB, and
300 mL ethylene glycol [Sigma] for 1 L) and stored at −20 °C un-
til use. Slides were permeabilized with 0.2% Triton X-100 in PBS
(0.2% PBS-Triton) for 20 min. The sections were washed in PBS
and incubated in 0.3% H2O2 (in PBS) for 10 min to inactivate
endogenous peroxidase activity, followed by three washing steps
(10 min each, in 0.2% PBS-Triton). The sections were incubated
in 5% BSA (bovine serum albumin; Sigma) in PBS for 15 min
to block nonspecific antibody binding. Subsequently, incubation
with the primary antibody against glial fibrillary acid protein
(GFAP; 1:500, Cell Signaling) diluted in 0.2% PBS-Triton was
performed overnight at 4 °C. Thereafter, the sections were incu-
bated for 2 h with secondary horseradish peroxidase-conjugated
antibodies (Jackson ImmunoResearch) in 0.2% PBS-Triton. Hy-
drogen peroxide (0.01%) and DAB (0.06%) in 0.2% PBS-Triton
were used to develop the horseradish peroxidase enzymatic reac-
tion. The enzymatic reaction was stopped with 0.2% PBS-Triton.
Finally, the sections were mounted on glass slides, left to dry
overnight, and cover slipped with Entellan mounting medium
(Merck). For image acquisition, a Nikon Eclipse 80i light micro-
scope equipped with a Nikon DS-Ri1 camera was used to acquire
bright-field images under a 10× objective. For astrocyte quantifi-
cation, at least three slides from each animal were imaged from
the stratum radiatum CA1 hippocampal region. The number of
cells per area analyzed was scored in each slice.

2.7. Immunofluorescence in Adipose Tissue

The subcutaneous adipose tissue was dissected from the inguinal
area, immediately fixed with ice-cold 4% w/v paraformaldehyde
in PBS, embedded in paraffin and cut at 4 μm. The sections
were incubated at 60 °C for 20 min, deparaffinized by immer-
sion in xylene, and rehydrated through graded ethanol solu-
tions. The sections were washed with 1X PBS and blocked with
10% rabbit serum (Santa Cruz Biotechnology) for 30 min at
room temperature. The sections were then incubated with rab-
bit anti-uncoupling protein 1 (UCP1) diluted 1:100 (Abcam) at
room temperature for 1 h. After washing with 1X PBS, the
sections were incubated with goat anti-rabbit FITC-conjugated
secondary antibody diluted 1:500 (Santa Cruz Biotechnology) at
room temperature for 1 h. The sections were washed again with
1X PBS, mounted with UltraCruz mounting medium (Santa
Cruz Biotechnology) and viewed under a Leica DM750 micro-
scope (Leica, Wetzlar, Germany).

2.8. Histological Analysis of Adipose Tissue

Paraffin-embedded subcutaneous adipose tissue sections were
stained with hematoxylin and eosin and imaged at 20× magnifi-
cation. Analysis of the adipocyte areas was performed using Adi-
posoft software following the authors’ instructions.[24]

Mol. Nutr. Food Res. 2018, 62, 1800313 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800313 (3 of 12)



www.advancedsciencenews.com www.mnf-journal.com

2.9. Quantitative Real-Time PCR

Total RNA from adipose tissue was extracted according to Chom-
czynski and Sacchi[25] using TRIzol reagent (Invitrogen). Total
RNA was subjected to quantitative real-time polymerase chain
reaction (qPCR) using SYBR Green and primer sets (Applied
Biosystems). β-Actin was used as an invariant control. The rela-
tive amounts of all mRNAs were calculated with the comparative
CT method.

2.10. Western Blot Analysis

For the analysis of brain proteins, the right hemispheres were
rapidly removed, and the prefrontal cortex (PFC) was dissected
in an ice-cold glass dish. The samples were then snap-frozen in
liquid nitrogen and kept at −80 °C until analysis. For the anal-
ysis of brain and adipose tissue proteins, tissues were homoge-
nized in lysis buffer (50 mm Tris, pH 7.4; 8.50% sucrose; 2 mM
EDTA, pH 8.0; 10 mM β-ME; 500 μM AEBSF; 8 μg mL−1 apro-
tinin; 10 μg mL−1 leupeptin; 4 μg mL−1 pepstatin A; 5 mm ben-
zamidine; 20 mM β-glycerophosphate; 10 mm NaF and 1 mm
Na3VO4), and the protein concentration was determined by the
Lowry method. Proteins were separated on 10–12% SDS poly-
acrylamide gels and electroblotted onto PVDF membranes. The
membranes were incubated overnight at 4 °C with primary an-
tibody against postsynaptic density 95 protein (PSD95; 1:1000,
Sigma Aldrich), GFAP (1:1000; Cell Signaling), ionized calcium
binding adaptormolecule 1 (Iba1), toll-like receptor 4 (TLR4), and
peroxisome proliferator-activated receptor gamma coactivator 1
alpha (PGC-1α). The membranes were washed with TBS-T (TBS
+0.05% Tween 20) and then incubated with a horseradish perox-
idase (POD)-linked anti-rabbit secondary antibody (1:5000, Jack-
son ImmunoResearch). Immunoreactive bands were visualized
by enhanced chemiluminescence ECL for routine immunoblot-
ting. Data were analyzed by densitometry using Image Lab soft-
ware (Bio-Rad). Values were normalized with β-actin and ex-
pressed as the fold increase.

2.11. Gut Microbiota

One day before tissue harvesting, a sample of feces from mice
in each group was collected. The sample was stored in RNAlater
(Thermo Fisher) solution until analysis. Fecal samples from
mice were immediately collected and frozen at −70 °C. DNA
extraction was carried out using a QIAamp DNA Stool Mini Kit
(Qiagen, USA), according to the manufacturer’s instructions.
Variable regions 3–4 of the 16S rRNA gene were amplified using
specific forward (5′ TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGCCTACGGGNGGCWGCAG 3′) and reverse primers (5′

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTAC
HVGGGTATCTAATCC 3′) containing the Illumina adapter
overhang nucleotide sequences. Ampure XP bits were used
to purify the 16S V3-V4 amplicons, and they were quantified
on an Agilent 2100 Bioanalyzer (Agilent Technologies, USA).
The amplicon size was approximately 550 bp. An index PCR
was then carried out to attach dual indices using a Nextera XT

v2 Kit. The amplicon size was approximately 610 bp, and the
concentration of double-stranded DNA was measured using a
fluorometer Qubit 3.0 with a high-sensitivity kit. The final ampli-
con library was pooled in equimolar concentrations. Sequencing
was performed on the Illumina MiSeq platform (MiSeq Reagent
Kit V.3, 600 cycles) according to the manufacturer’s instructions
to generate paired-end reads of 300 bases in length in each
direction.

2.12. Sequence Analysis

For taxonomic composition analysis, Custom C# and python
scripts in the Quantitative Insights Into Microbial Ecology (QI-
IME) software pipeline 1.9 were used to process the sequencing
files.[26] The sequence outputs were filtered for low-quality se-
quences (defined as any sequences that are <200 bp or >620 bp,
sequences with any nucleotide mismatches to either the bar-
code or the primer, sequences with an average quality score of
<25, and sequences with ambiguous bases>0). Sequences were
checked for chimaeras with Gold.fa, and chimeric sequences
were filtered out. The analysis started by clustering sequences
within a percent sequence similarity into operational taxonomic
units (OTUs). Ninety-one percent of the sequences passed filter-
ing, resulting in 48 008 sequences per sample on average with a
97% similarity threshold. OTUs picking was performed with the
tool set from QIIME, using the Usearch method.[27] OTUs were
picked against the GreenGenes v.13.9 database. Ninety-seven per-
cent of the OTUs were selected from the database. After the re-
sulting OTU files were merged into one overall table, taxonomy
was assigned based upon the GreenGenes reference taxonomy
database. Thus, 99.79%, 97.18%, 97.07%, 82.92%, 58.52%, and
7.37% of the reads were assigned to the phylum, class, order,
family, genus, and species level, respectively. Species richness
(Observed, Chao1) and alpha diversity measurements (Shannon)
were calculated, and we estimated the within-sample diversity at
a rarefaction depth of >17 351 reads per sample. Weighted and
unweighted UniFrac distances were used to perform the princi-
pal coordinate analysis (PCoA).
Microbial sequence data were pooled for OTUs comparison

and taxonomic abundance analysis but separated by batch in the
principle coordinates analysis (PCoA) to have clear PCoA figures.
For even sampling, a depth of 14 002 sequences per sample was
used. PCoAs were produced using Emperor, and the community
diversity was determined by the number of OTUs and beta di-
versity, measured by UniFrac unweighted and weighted distance
matrices in QIIME. ANOSIM, a permutational multivariate anal-
ysis of variance, was used to determine statistically significant
clustering of groups based upon microbiota structure distances.

2.13. Statistical Analysis

Data are expressed as means ± SD. The differences between
groups were analyzed with one-way ANOVA, followed by Tukey’s
or Bonferroni´s post hoc test. Differences were considered statis-
tically significant when the p-value was less than 0.05, significant
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differences are indicated with letters, where a > b > c. Statistical
analyses were performed with GraphPad Prism version 7.0.

3. Results

3.1. Weight Gain and Food Intake

To evaluate the protective effect of genistein on the development
of metabolic alterations in mice with diet-induced obesity, we fed
mice with a high-fat diet for 6 months. First, we evaluated the
effect of the different dietary treatments on weight gain. Mice fed
a control diet gained 13.2 g by the end of the study, whereas those
fed an HF diet gained an average of 23 g (p< 0.01). Interestingly,
mice fed anHF diet containing genistein gained significantly less
weight (13%) than those consuming only an HF diet, particularly
after day 150 of the study (Figure 1A,B). Despite the difference
in weight gain among the three groups, there was no significant
difference in food intake expressed as g per day or as kcal per day
(Figure 1C,D). Nonetheless,mice fed anHF diet had significantly
greater liver weights than the groups fed a control or an HFG
diet, but there were no significant differences between these two
groups (Figure 1E).

3.2. Energy Expenditure and WAT Browning Markers

We then assessed whether the lower weight gain of the mice
fed an HFG diet compared to those fed an HF diet was due to
a change in energy expenditure. Our data showed that the con-
sumption of an HFG diet increased VO2 consumption compared
to the intake of an HF diet alone (Figure 1F,G). Interestingly, this
increase in VO2 was accompanied by a significant decrease in the
respiratory exchange ratio (RER) during the dark cycle inmice fed
an HFG diet with respect to those fed an HF diet (Figure 1H,I).
To explore potentialmechanisms bywhich genistein can increase
VO2, we assessed the expression of browning markers in WAT.
Interestingly, qPCR, western blot, and immunohistochemistry
analyses revealed an increase in the expression of UCP1 in sub-
cutaneous adipose tissue (Figure 2A–C), as well as TBX1 mRNA
and protein abundance (Figure 2D,E) and PRDM16 gene expres-
sion (Figure 2F), both markers of WAT browning. The increase
in browning markers was associated with reduced adipose tissue
weight and adipocyte size (Figure 2G,H). These results indicate
that genistein, by an unknown mechanism, can activate subcu-
taneous adipose tissue fat oxidation, leading to a reduction in fat
accumulation.

3.3. Serum Lipids and Glucose Tolerance Test

Next, we assessed whether the increase in energy expenditure
and the reduction in adipose tissue mass could modify lipid
and carbohydrate metabolism. Feeding mice with an HF diet
for 6 months increased serum triglycerides and total and LDL
cholesterol (Figure 3A–C). Interestingly, the addition of genis-
tein to an HF diet significantly decreased serum triglycerides;
however, despite the differences in total and LDL cholesterol

between the groups, these differences did not reach statistical
significance. We then assessed whether the addition of genistein
to an HF diet could modify the glucose response to an IPGTT.
Although mice fed an HF or an HFG diet did not show a
significant difference in fasting blood glucose levels (Figure 3D),
the addition of genistein significantly attenuated the elevation of
blood glucose during the test compared to mice fed an HF diet.
Consequently, we observed a significant reduction in the area
under the curve of IPGTT in mice fed an HFG diet versus those
fed only an HF diet (Figure 3E,F). There is recent evidence that
the abnormalities in the metabolic profile related to an HF diet
are associated with changes in the gut microbiota.

3.4. Gut Microbiota Analysis

Thus, we assessed whether the consumption of genistein had
an effect on the gut microbiota. With the sequencing analysis
of the 16S rRNA, we first performed an alpha diversity analysis.
The number of OTUs, as well as the Shannon index, was higher
in the HFG group compared to the HF group (Figure 4A), and
these metrics showed a similar behavior using rarefaction curve
analysis. According to the GreenGenes database, reads were as-
signed to five phyla, 33 families, and 41 genera. Bacteroidetes,
Firmicutes, and Proteobacteria represented �95% of the total
sequences at the phylum level. The rest of the sequences be-
longed to Verrucomicrobia, TM7, Deferribacteres, Tenericutes,
Cyanobacteria, Spirochaetes, and Actinobacteria. At this taxo-
nomic level, the inclusion of genistein into an HF diet decreased
the relative abundance of Bacteroidetes from 67.1% to 56.8%,
whereas Firmicutes increased from 21.3% in the HF group to
26.8% in the HFG group. Although Verrucomicrobia only rep-
resented 1.44% of the total sequences, there was a 1.56-fold in-
crease in mice fed an HF diet with genistein (Figure 4B).
The bacterial family composition also presented shifts in re-

sponse to the dietary treatment. The relative abundance of Bac-
teroidaceae was higher in the HF group than in the HFG group,
at 46.1% and 28.0%, respectively. However, Prevotellaceae and
Verrucomicrobia were the main families that were higher in the
HFG group than in the HF group (1.38% vs 0.08% and 3.52%
vs 0.35%, respectively). This pattern was consistent at the genus
level, where the relative abundance of Bacteroides was smaller in
the HFG group (42.75%) than in the HF group (61.8%) and the
relative abundances of Prevotella and Akkermansiawere higher in
the HFG group (2.23% and 5.75%) than in the HF group (0.10%
and 0.47%). On the other hand, we also observed an increase in
the Faecalibacterium genus in the HFG group (0.30%) compared
to that in the HF group (p < 0.0001%) (Figure 4C). A heatmap
was created to determine the differences between groups at the
species level. This heatmap showed that the changes in the genus
Bacteroides were mainly due to the shift of Bacteroides acidifa-
ciens and Bacteroides uniformis and that the relative abundances
of these species were lower in the group that consumed genistein
in the diet (HFG). However, the increase in the genus Prevotella
was mainly due to Prevotella copri and to a lesser extent Prevotella
stercorea. Finally, the increase in the genus Akkermansia was due
to the species Akkermansia muciniphila (Figure 4D).
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Figure 1. Genistein decreases body weight gain without altering food intake in mice fed a high-fat diet by increasing energy expenditure. Mice were
fed a control diet (C), a high-fat diet (HF), or an HF diet supplemented with 0.2% genistein (HFG) for 6 months to evaluate A) weight gain during the
experimental period, B) body weight gain by the end of the study, C) mean food intake during the experimental period expressed as grams per day, D)
mean energy intake expressed as kcal per day, E) liver weight at the end of the study, F) oxygen consumption during two 12 h/12 h light–dark cycles,
G) mean oxygen consumption during the feeding (night) period, H) respiratory exchange ratio (RER) during two 12 h/12 h light–dark cycles and I)
mean RER during the feeding (night) period. Data are expressed as mean ± SEM. The differences between groups were analyzed with one-way ANOVA,
followed by Tukey’s or Bonferroni´s post hoc test. Differences were considered statistically significant when p< 0.05. Significant differences are indicated
with letters, where a > b > c.

3.5. Lipopolysaccharide Circulating Levels

The dysbiosis produced in response to an HF diet is associ-
ated with an increase in circulating levels of LPS. An increase
in circulating LPS has been demonstrated to trigger the inflam-
matory state in the body during obesity, leading to metabolic
endotoxemia.[13] Our results clearly demonstrated that in mice
fed an HF diet, LPS levels dramatically increased compared to
those in C mice (p < 0.0001). Surprisingly, the addition of genis-
tein to a high-fat diet reduced LPS levels by 98.5% (Figure 5A).
This result indicates that this polyphenol could reduce metabolic
abnormalities in lipid and carbohydrate metabolism by amelio-
rating inflammation. Our results are in agreement with previous
work that has demonstrated that an increase in A. muciniphila

improves the gut barrier by increasing the mucous layer, thus
preventing the influx of LPS.[28]

3.6. Hepatic Expression of Protein Involved in the Inflammatory
Response

To assess whether the increase in LPS in mice fed an HF diet
increased the expression of proteins involved in the inflamma-
tory response in the liver, we measured the expression of TLR4,
TNF-α, IL-6, and IL-1β (Figure 5B–E). The results clearly showed
that an HF diet induced a significant increase in the expres-
sion of TLR4, TNF-α, and IL-6 compared to that in the C group.
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Figure 2. Genistein stimulatesWAT browning inmice fed a high-fat diet. Mice were fed a control diet (C), a high-fat diet (HF), or anHF diet supplemented
with 0.2% genistein (HFG) for 6 months to evaluate A) UCP1 mRNA abundance, B) UCP1 protein abundance, C) UCP1 immunofluorescence, D) TBX1
mRNA abundance, E) TBX1 protein abundance, F) PRDM16 mRNA abundance in subcutaneous white adipose tissue, G) subcutaneous adipose tissue
weight at the end of the study, and H) mean adipocyte size. For western blots, each band represents an individual mice. Data are expressed as mean ±
SEM. The differences between groups were analyzed with one-way ANOVA, followed by Tukey’s or Bonferroni´s post hoc test. Differences were considered
statistically significant when p < 0.05. Significant differences are indicated with letters, where a > b > c.

Interestingly, similar to LPS levels in the group fed an HFG diet,
the three biomarkers of inflammation were significantly reduced
to levels comparable to those observed in the control group.

3.7. Cognitive Analysis and Expression of Brain Proteins

The chronic inflammatory state observed in obese humans and
rodents is associated with cognitive damage.[29,30] We then as-
sessed whether genistein modulation of the gut microbiota and
biochemical variables were associated with an improvement in
cognitive abilities using the T-maze test. We observed that mice
fed an HF diet had hippocampus-related memory impairments
since a lower spontaneous alternation rate was observed in these
mice than in C mice (p < 0.001); However, genistein treatment
improved memory rates in the HFG mice comparable to the lev-
els of C group (HFG vs HF, p < 0.05) (Figure 5F).

It has been widely described that cognitive abilities decline by
the consumption of an HF diet, mainly affecting hippocampus
and prefrontal cortex (PFC) functions.[31] Thus, we assessed the
abundance of specific PFC proteins. We first studied the expres-
sion of postsynaptic proteins, particularly PSD-95. The relative
amount of PSD-95 decreased in the HF mice compared to the
C mice (p < 0.001), while the HFG mice showed an increase
in PSD-95 protein content in the brain cortex (HFG vs HF, p <

0.05) (Figure 5G). As mitochondrial biogenesis improves synap-
tic function, we also evaluated the levels of PCG-1α protein in the
brain samples. There was a significant increase in PCG-1α levels
in the HFG mice compared to the C and the HF groups (p <

0.05), and no difference was observed between these two groups
(Figure 5H).
To evaluate the rate of neuroinflammation mediated by as-

trocyte and microglia cells in the hippocampus, we assessed
the GFAP marker by immunohistochemical analysis. Reactive
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Figure 3. Genistein decreases serum lipids and improves glucose tolerance in mice fed a high-fat diet. Mice were fed a control diet (C), a high-fat diet
(HF), or an HF diet supplemented with 0.2% genistein (HFG) for 6 months to evaluate A) serum triglycerides, B) total cholesterol, C) LDL cholesterol, D)
serum glucose, E) glucose during the intraperitoneal glucose tolerance test (IPGTT), and F) the IPGTT area under the curve (AUC). Data are expressed
as mean ± SEM. The differences between groups were analyzed with one-way ANOVA, followed by Tukey’s or Bonferroni´s post hoc test. Differences
were considered statistically significant when p < 0.05. Significant differences are indicated with letters, where a > b > c.

astrocytes were identified with GFAP. GFAP-positive cells in-
creased in the hippocampus of the HF mice compared to those
of the C mice (p < 0.0001). The hippocampus of the HFG mice
had a significant reduction in the number of GFAP-positive cells
with respect to those of the HF mice (HF vs HFG, p < 0.0001)
(Figure 5I). Activation of microglia was detected by measuring
Iba1 protein content in the PFC. Western blot analysis revealed
that mice with anHF diet presented a significant increase in Iba1
compared to the C mice. Interestingly, the HFG mice presented
a decrease in Iba1 levels compared to the HF group (p < 0.05)
(Figure 5J).
As we mentioned above, LPS can induce macrophage activa-

tion and TLR4 overexpression.[32] Since we observed an increase
in LPS plasma levels in HF mice, we hypothesized that LPS may
induce microglia activation by TLR4 overexpression. Therefore,
we evaluated TLR4 protein level in PFC. TLR4 levels were in-
creased in the HF mice compared to the C mice (p < 0.05), but
in the HFGmice, there was a significant decrease comparable to
the levels of C group (p < 0.01 vs HF mice) (Figure 5K).

4. Discussion

The results of this study demonstrated that the addition of genis-
tein to anHF diet significantly reduced body weight gain and that
this reduction was accompanied by improvement of several bio-
chemical variables, particularly serum triglycerides and serum
insulin, leading to better glucose tolerance compared to an HF
diet alone. In addition, these changes were accompanied by an
increase in energy expenditure as well as an increase in WAT
browning markers, indicating that genistein can stimulate ther-
mogenesis. Nonetheless, mice fed HFG had a change in weight
gain after day 150 of the study and thismight be due to the pheno-
typic characterization of mice, which included glucose tolerance
test and the calorimetry analysis. This evidence is in agreement
with previous studies that have demonstrated that the isoflavone

genistein can improve metabolic variables, particularly those re-
lated to glucose metabolism.[20,33,34]

In addition, the present study demonstrated that genistein
can in part regulate the changes in the metabolic profile by
modifying the gut microbiota. Several studies have demon-
strated that long-term consumption of a high-fat diet alters the
gut microbiota.[8–10] The dysbiosis generated during obesity has
been established as a key factor involved in the development of
metabolic abnormalities.[35,36] The first studies indicated that dur-
ing obesity, there was an alteration in the main phyla of the gut
microbiota, especially in Firmicutes and Bacteroidetes.[37] How-
ever, recent evidence suggests that specific bacterial species in
the gut microbiota are responsible for several of the biological ef-
fects. For instance, it has been demonstrated that A. muciniphila
can improve insulin sensitivity and is associated with a decrease
in the size of adipocytes.[11] Our study demonstrated that a single
bioactive compound, such as genistein, is able to modulate the
abundance of specific species of the gut microbiota. Specifically,
our findings showed that genistein was able to increase the abun-
dance among the Prevotella and Akkermansia genera, particularly
P. copri and A. muciniphila. In fact, other bioactive compounds
such as those found in Agave salmiana and pomegranate are re-
ported to modulate the gut microbiota composition in mice[4]

and humans,[38] reinforcing the potential therapeutic use of plant-
derived bioactive compounds.
It has been found that the presence of certain specific species

is associated with an increase in the expression of proteins that
are involved in the formation of tight junctions in the intesti-
nal epithelium, such as occluding.[5] Consequently, there is a de-
crease in the permeability of the intestinal lining, preventing the
entrance of pro-inflammatory molecules into the body, particu-
larly LPS. The mechanism by which LPS modifies gut perme-
ability has been recently established. It has been demonstrated
that LPS is able to reduce the expression of occludin and ZO-1
proteins, increasing paracellular permeability and epithelial bar-
rier damage.[39] On the other hand, it has been recently described
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Figure 4. Genistein increases the diversity of the gut microbiota and specifically increases Prevotella copri and Akkermansia muchiniphila. Mice were fed
a control diet (C), a high-fat diet (HF), or an HF diet supplemented with 0.2% genistein (HFG) for 6 months to evaluate A) an alpha diversity analysis by
clustering sequences within a percent sequence similarity into operational taxonomic units (OTUs), bacterial taxonomy at the B) genus and C) species
levels, and D) the heatmap indicating differences at the level. A permutational multivariate analysis of variance (ANOSIM) was used to determine
statistically significant clustering of groups based upon microbiota structure distances.

that LPS can activate the membrane-associated protein focal ad-
hesion kinase and MyD88, leading to an increase in intestinal
tight junction permeability.[40] As a consequence, there is an in-
crease in paracellular transport, resulting in leaky gut, and ad-
ditionally, there is an increase in transcellular LPS transport via
chylomicrons, leading to elevated levels of circulating LPS[41] gen-
erating metabolic endotoxemia.[12] In this study, there was a dra-
matic decrease in the circulating levels of LPS in the mice fed
genistein, despite the high-fat content in the diet, compared to
mice consuming just the HF diet. The decrease in LPS in the
mice fed anHF diet containing genistein was associated with sig-
nificant improvement in metabolic variables, especially glucose
tolerance, and with a decrease in the expression of inflammatory
cytokines.
On the other hand, in addition to the negative systemic

effects of obesity on metabolic parameters, recent studies
have documented that brain cognitive functions are altered in

obese animal models. Obesity causes memory and learning
difficulties[29,42,43] associated with an increase in neuroinflamma-
tion and amyloidosis.[5,44] Interestingly, in adipose tissue from
obese subjects[44] and obese animal models,[45] there is an in-
crease in amyloid precursor protein (APP), a protein associated
with Alzheimer´s pathology. Recently, obesity has been linked to
the development of late-life dementia and represents a risk factor
for Alzheimer´s disease.[15]

In this study, we observed impairment in short-term memory
in the HF mice, while genistein treatment improved cognition.
Importantly, this improvement was accompanied by an increase
in PSD95 protein in the brain cortex. A decrease in PSD95 pro-
tein in the brain correlates with cognitive impairment.[46] PSD95
is a protein associated with synaptic plasticity and is anchored
at the postsynaptic sites of neurons, called dendritic spines.[47]

Previous work has shown that genistein was able to rescue spa-
tial learning and restore spine number in the cerebral cortex of
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Figure 5. Genistein decreases circulating lipopolysaccharide and hepatic expression of inflammatory markers, improves cognitive behavior and de-
creases the expression of proteins involved in neuroinflammation in mice fed a high-fat diet. Mice were fed a control diet (C), a high-fat diet (HF), or an
HF diet supplemented with 0.2% genistein (HFG) for 6 months to evaluate A) circulating lipopolysaccharide (LPS) content, hepatic mRNA abundance
of B) TLR4, C) TNF-α, D) IL-6, and E) IL1β. F) Memory and spatial learning were assayed in a T-maze spontaneous alternation test; G) PSD95 and
H) PGC-1α protein abundance in the brain cortex. For western blots, each band represents an individual mice. I) GFAP immunohistochemistry in the
hippocampus and J) Iba-1 and K) TLR4 protein abundance in the brain cortex. Data are expressed as mean± SEM. The differences between groups were
analyzed with one-way ANOVA, followed by Tukey’s or Bonferroni´s post hoc test. Differences were considered statistically significant when p < 0.05.
Significant differences are indicated with letters, where a > b > c.

surgically oestropausal young females.[48] Thus, genistein
cognitive effects in the HF+G mice might be associated
with an increased number of functional dendritic spines. In
this respect, mitochondrial biogenesis is directly associated
with improved synaptic function.[49] Specifically, peroxisome
proliferator-activated receptor c co-activator 1a (PGC-1α) ex-
pression is associated with the formation and maintenance of
neuronal dendritic spines.[49] Our data showed that genistein
increased PGC-1α content in the brain cortex, an event that
might be associated with improved synaptic function (PSD95)
and cognitive performance in the HFG mice.
Obesity can also induce macrophage proliferation and in-

crease overexpression of TLR4 and other pattern recognition
receptors.[50] In the brain, two types of cells mediate inflam-
matory reactions: microglia, which are the primary mediators
of the central nervous system immune defense system,[51] and
astrocytes;[52] activated microglia produce pro-inflammatory me-
diators that can be neurotoxic to cells.[53] Glial cells reactively re-
spond to microbial infections by recognizing conserved motifs
expressed by pathogens,[54] such as LPS.[55] In this study, we ob-
served an increased number of GFAP-positive cells in the hip-
pocampus and a nonsignificant increase in iba1 protein in the
cortex of the HF mice. Since we observed an increase in LPS
plasma levels in the HF mice, we assessed TLR4 protein content

in the brain samples. As expected, the HF mice showed higher
TLR4 content in the brain cortex, but genistein ingestion reduced
those levels lower than even those of the Cmice. This findingmay
suggest that LPS and related pro-inflammatory cytokines asso-
ciated with the HF-microbiota composition activate glia cells in
the brain. This activation may impair the protective role of glia
cells to maintain synaptic integrity and function, resulting in a
decreased level of PSD95 protein and causing cognitive impair-
ment. In this regard, it has been demonstrated that genistein is
able to abate the LPS-induced inflammatory response through
AMPK activation in macrophages.[56]

Genistein supplementation has been used in long-term clini-
cal trials spanning from 2 to 4 years at doses from 50 to 200 mg
per day.[57–62] It is important to emphasize that none of these stud-
ies reported any adverse effects in breast structure, bone min-
eral content, or circulating thyroid profile. Although the human
equivalent dose of genistein that mice received in the present
study according to Reagan-Show[63] was approximately 1.5 g per
day for a 65 kg adult person, the evidence in other studies demon-
strate that there are other factors that influence the absorption
and bioavailability of genistein. It has been reported in mice that
consumption of a diet containing 0.15% genistein, raised serum
genistein levels to 3.81 μmol L−1.[64] Interestingly, it has been re-
ported in Japanese population that consumption of six to seven
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servings of soy per week raises genistein concentration in serum
to approximately 1.5 μmol L−1. Thus, these results suggest that
humans have higher absorption of dietary genistein thanmice,[65]

requiring a lower dose to reach similar serum concentration of
genistein. In addition, the chemical form of genistein, as agly-
cone or glucoside, can affect its intestinal absorption and plasma
concentration, where the aglycone has higher bioavailability than
the glucoside.[66] Nonetheless, dose-effect studies are necessary
to establish the therapeutic window of the genistein biological ef-
fects to determine the minimum effective dose of genistein in
order to translate this study to humans.

5. Conclusions

Our study demonstrated that genistein, a dietary bioactive com-
pound that is present mainly in soy protein, can improve glu-
cose metabolism in mice fed a high-fat diet. These benefits were
accompanied by an increase in the proportion of two specific
species of gutmicrobiota, P. copri andA.muciniphila. In addition,
the results suggest that the increase in the Prevotella and Akker-
mansia genera was associated with a reduction in circulating lev-
els of LPS. Therefore, the reduction in this pro-inflammatory
molecule has a beneficial effect in the brain by decreasing neu-
roinflammation, suggesting that a single bioactive compound
can modify the gut–brain interaction. It is important to point
out that the present results obtained in a rodent model of obesity
must be validated in a clinical trial in order to determine the effect
of genistein in the brain–gut axis of obese humans. Therefore, a
call for caution should be made to avoid extrapolating results and
conclusions from research on animal models to humans; more-
over, basic research in animal models should be viewed as the
first step in the discovery pathway. In this regard, the present re-
sults open a new window for the use of specific dietary bioactive
compounds as agents that can improve the metabolic and cogni-
tive statuses that are altered during obesity.
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