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Abstract
Objective  Obesity is associated with metabolic 
abnormalities, including insulin resistance and 
dyslipidemias. Previous studies demonstrated that 
genistein intake modifies the gut microbiota in mice 
by selectively increasing Akkermansia muciniphila, 
leading to reduction of metabolic endotoxemia and 
insulin sensitivity. However, it is not known whether 
the consumption of genistein in humans with obesity 
could modify the gut microbiota reducing the metabolic 
endotoxemia and insulin sensitivity.
Research design and methods  45 participants with a 
Homeostatic Model Assessment (HOMA) index greater than 
2.5 and body mass indices of ≥30 and≤40 kg/m2 were 
studied. Patients were randomly distributed to consume 
(1) placebo treatment or (2) genistein capsules (50 mg/
day) for 2 months. Blood samples were taken to evaluate 
glucose concentration, lipid profile and serum insulin. Insulin 
resistance was determined by means of the HOMA for insulin 
resistance (HOMA-IR) index and by an oral glucose tolerance 
test. After 2 months, the same variables were assessed 
including a serum metabolomic analysis, gut microbiota, and 
a skeletal muscle biopsy was obtained to study the gene 
expression of fatty acid oxidation.
Results  In the present study, we show that the 
consumption of genistein for 2 months reduced insulin 
resistance in subjects with obesity, accompanied 
by a modification of the gut microbiota taxonomy, 
particularly by an increase in the Verrucomicrobia 
phylum. In addition, subjects showed a reduction 
in metabolic endotoxemia and an increase in 
5′-adenosine monophosphate-activated protein kinase 
phosphorylation and expression of genes involved in 
fatty acid oxidation in skeletal muscle. As a result, there 
was an increase in circulating metabolites of β-oxidation 
and ω-oxidation, acyl-carnitines and ketone bodies.
Conclusions  Change in the gut microbiota was 
accompanied by an improvement in insulin resistance and 
an increase in skeletal muscle fatty acid oxidation. Therefore, 
genistein could be used as a part of dietary strategies to 
control the abnormalities associated with obesity, particularly 
insulin resistance; however, long-term studies are needed.

Introduction
Epidemiological studies in several parts of 
the world have shown an alarming increase 
in the epidemics of obesity.1 This situation 
has been accompanied by an increase in 
metabolic abnormalities, mainly insulin 
resistance and dyslipidemias that have 
increased the rate of morbimortality world-
wide.2 In order to attend to this problem, 
several clinical and nutritional strategies 
have been developed to attenuate some of 
the altered metabolic conditions.3 There is 
evidence that strategies that increase the 
capacity to oxidize fatty acids in the body of 

Significance of this study

What is already known about this subject?
►► Obesity is known to be associated with dysbiosis of 
the intestinal microbiota, which in turn is accompa-
nied by impaired insulin sensitivity.

What are the new findings?
►► We found that genistein improved insulin sensitivity 
by increasing phosphorylation of the enzyme ade-
nosine monophosphate protein kinase in the skeletal 
muscle of obese subjects.

►► The study also showed that treatment with genistein 
decreased gut microbiota dysbiosis and metabol-
ic endotoxemia and stimulated the abundance of 
Akkermansia muciniphila, which may also contrib-
ute to improve insulin sensitivity

How might these results change the focus of 
research or clinical practice?

►► Genistein can be used as an additional strategy to 
decrease insulin resistance in obese subjects.
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obese animals can contribute to improve insulin sensi-
tivity and reduce the hyperlipidemia.4

Several compounds have been used to increase fatty 
acid oxidation and therefore insulin sensitivity5 6 by the 
activation of the enzyme 5′-adenosine monophosphate-
activated protein kinase (AMPK).7 The increase of fatty 
acid oxidation prevents the accumulation of lipids in 
several organs, decreasing the lipotoxicity.8 In particular, 
the reduction in the accumulation of lipids in the skeletal 
muscle is accompanied by an increase in insulin sensitivity.9 
Among the compounds that have been shown to increase 
AMPK activity is genistein, an isoflavone present in some 
foods, particularly in soy.10 Studies in rat skeletal muscle 
and adipose tissue show that phosphorylation of AMPK 
by genistein is accompanied by an increase in the expres-
sion of genes involved in fatty acid oxidation and also an 
increase in energy expenditure.11 12 In addition, C2C12 
myotubes incubated with genistein have a greater capacity 
to oxidize palmitate.12

Interestingly, there is also evidence that AMPK activation 
is modified by the gut microbiota. The first studies indi-
cated that intestinal colonization of germ-free mice with 
gut microbiota can modify the phosphorylation of AMPK, 
and it was associated with an increase in body fat accu-
mulation and an increase in serum glucose and insulin 
concentration. Nonetheless, the mechanism involved in 
the inactivation of AMPK was not clear.13 Further find-
ings demonstrated that metabolic abnormalities during 
obesity were associated with a condition named metabolic 
endotoxemia, in which there is an alteration on the gut 
microbiota due to a change in the intestinal gut permea-
bility allowing an increase in the influx of lipopolysaccha-
ride (LPS).14–16 However, it is not clear whether LPS could 
downregulate AMPK activity. Studies on the hypothalamus 
revealed that intraperitoneal injection of LPS decreased 
the phosphorylation of AMPK, as well as its target protein 
acetyl coenzyme A (CoA) carboxylase.17 Thus, a reduction 
of circulating levels of LPS could attenuate some of the 
metabolic alterations in obese subjects, particularly insulin 
resistance.

Several studies indicate that some dietary bioactive 
compounds can modify the gut microbiota selectively 
by enhancing or decreasing specific species of the gut 
microbiota.18 Studies with mice have demonstrated that 
consumption of genistein in their diet is able to modify 
the gut microbiota by increasing selectively Akkermansia 
muciniphila, and the modification of the gut microbiota 
was accompanied with a reduction in the circulating 
concentration of LPS, leading to an improvement in 
insulin sensitivity.19 However, it is not known whether 
consumption of genistein in humans could modify the 
gut microbiota and improve insulin sensitivity. There-
fore, the aim of the present work was to assess whether 
supplementation with genistein modifies the gut micro-
biota in obese subjects with metabolic syndrome in 
order to decrease the serum concentration of LPS and 
thereby to improve the insulin sensitivity by activation 
of AMPK in skeletal muscle.

Research design and methods
Subjects and study design
We included 45 participants who met the following inclu-
sion criteria: adults between 20 and 60 years of age with 
Homeostatic Model Assessment (HOMA) index greater 
than 2.5, body mass indices (BMIs) of ≥30 and ≤40 kg/
m2 and who signed the consent letter. Patients who had 
any added pathology, pregnancy, smoking or consumed 
medications were excluded. Once the letter of informed 
consent was obtained, the patients were assigned to the 
respective treatment group. These individuals were advised 
to consume the recommended diet according to the guide-
lines of the Adult Treatment Panel III. To assess the effect 
of genistein on obese subjects with obesity, we designed a 
parallel, double-blind study (online supplementary figure 
1). The subjects were randomly selected to form part of the 
placebo group (PG) or the genistein-treated group (GTG) 
with genistein capsules (50 mg/day). The participants were 
followed up for 2 months. In the prerandomization visit, 
informed consent letters were given, and blood samples 
were taken to evaluate glucose concentration, lipid profile 
and serum insulin, blood pressure, body weight and height 
and body composition. The presence of insulin resistance 
was determined by means of the HOMA for insulin resis-
tance (HOMA-IR) index, the Matsuda index and an oral 
glucose tolerance test. After 2 months, the same variables 
were assessed, and an expert surgeon in the operating 
room performed a vastus lateralis muscle biopsy.

Oral glucose tolerance test
Patients underwent two glucose tolerance curves: (1) one 
before the consumption of placebo or genistein (baseline) 
and (2) the second curve, 2 months after starting treat-
ment. Blood samples were taken and the area under the 
curve (AUC) of the glucose and insulin concentrations was 
calculated. Additionally, surrogate analyses derived from 
the oral glucose tolerance test were calculated.20

Serum biochemical variables
Total cholesterol, triglycerides, high-density lipoprotein 
(HDL) cholesterol, low-density lipoprotein cholesterol 
and glucose were measured in serum using COBAS 
c111 photometric equipment from the patients after 
8–12 hours of fasting. Leptin, adiponectin and insulin 
were determined by the immunoenzymatic assay (ELISA) 
method (ALPCO). Serum LPS was determined by ELISA 
kit (Cloud-Clone Corp., USA).

Skeletal muscle biopsy
A sample from the vastus lateralis muscle in the area 
located 25 cm from the tibial tuberosity and 5 cm from 
the femoral midline was obtained. A 1 cm3 portion of 
muscle was taken by means of a ring clamp. The biopsies 
were immediately placed in liquid nitrogen and stored in 
an ultrafreezer at −80°C for further analysis.

Protein extraction and western blotting
Twenty micrograms of protein extracted from muscle 
was loaded onto 12% polyacrylamide gels, transferred to 
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polyvinylidene difluoride (PVDF) transfer membranes 
(IPVH00010, Immobilon-P, Millipore) and blotted over-
night at 4°C with the respective primary antibodies against 
acetyl-CoA carboxylase (ACC) (MA5-15025, Pierce Thermo 
Scientific), phospho-acetyl CoA carboxylase (07–303, Milli-
pore), AMPK (NB100-239 Novus bio), pAMPK (07–681 
Millipore) and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (sc-365062 Santa Cruz) and revealed with a 
secondary antibody conjugated to horseradish peroxidase. 
Bands were quantitated relative to an in-blot reference 
band (ThermoFisher Scientific), followed by normaliza-
tion with their respective GAPDH.

Mitochondrial activity and lipid content in skeletal muscle
For succinate dehydrogenase (SDH) staining, slides of 
muscle biopsies were incubated in SDH staining solu-
tion according to a previous report.21 Assessment of lipid 
content in muscle fibers was done using the lipophilic 
dye boron-dipyrromethene (BODIPY) 493/503 (790389, 
Sigma-Aldrich). Slides were mounted with ProLong Gold 
Antifade Mountant with 4′,6-diamidino-2-phenylindole 
(DAPI) (P36931, Invitrogen). Histochemical staining 
was quantified by ImageJ (National Institutes of Health) 
software.

Gut microbiota
A fecal sample from all subjects was collected before and 
after 2 months of treatment with placebo or genistein. 
Fecal samples were frozen at −80°C. DNA extraction 
was carried out using a QIAamp DNA Stool Mini Kit 
(Qiagen, USA) according to the manufacturer's instruc-
tions. Variable regions 3–4 of the 16S rRNA gene were 
amplified using specific primers containing the Illu-
mina adapter overhang nucleotide sequences. An index 
PCR was then carried out to attach dual indices using a 
Nextera XT V.2 Kit. Sequencing was performed on an 
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.

Microbial sequence data were pooled for operational 
taxonomic unit (OTU) comparison and taxonomic abun-
dance analysis but separated by batch in the principal 
coordinates analysis (PCoA) using Emperor. The commu-
nity diversity was determined by the number of OTUs 
and beta diversity, measured by UniFrac unweighted 
and weighted distance matrices in Quantitative Insights 
Into Microbial Ecology (QIIME). Analysis of similarities 
(ANOSIM), a permutational multivariate analysis of vari-
ance, was used to determine statistically significant clus-
tering of groups based on microbiota structure distances.

Metabolite analysis
A serum metabolite analysis was performed by Metab-
olon (Durham, North Carolina, USA) based on ultrahigh-
performance liquid chromatography–tandem mass 
spectrometry.

RNA extraction from skeletal muscle biopsies
Skeletal muscle was homogenized in guanidinium 
buffer with a polytron (PT2000; Kinematica, Lucerne, 
Switzerland) at the lowest setting. The homogenate was 
centrifuged and the resulting supernatant was layered 
onto a CsCl solution. The CsCl gradient was formed by 
centrifugation at 113 000×g for 18 hours at 18°C to yield 
total RNA. The RNA was precipitated and resuspended 
in water. The RNA was quantified by optical density at 
260 nm and stored at −80°C until use.

Gene expression microarray assay
RNA quality was assessed using the RNA 6000 Nano Kit 
(Agilent Technologies). RNA quantitation was measured 
with a Nanodrop spectrophotometer (Nanodrop Tech-
nologies) using samples with RNA integrity number 
(RIN) of >6.0. Target cDNA was prepared according to 
the Whole-Transcript Sense Target Labeling Protocol 
(P/N 703174, Thermo Fisher Scientific). The labeled 
cDNA product was hybridized to the GeneChip Human-
Gene V.2.0 ST microarray (Affymetrix). The samples were 
washed with low-stringency and high-stringency buffers 
and were stained with streptavidin–phycoerythrin using 
the GeneChip Fluidics Station 450 with the FS450_0002 
protocol. The GeneChip Scanner 3000 7G (Affymetrix) 
was used to collect fluorescent signals, and Expression 
Console software (Affymetrix) was used to obtain inten-
sity signal and quality data of the scanned arrays. The 
results were analyzed with the Partek Genomics Suite for 
hierarchical clustering to generate the heat map.

Statistical analysis
For the statistical analysis, the mean and the SE for the 
quantitative variables were obtained first, and for the qual-
itative variables, the mean and SE were determined as a 
proportion of the total population using the statistical soft-
ware database (Statistical Package for the Social Sciences 
(SPSS)). The Shapiro-Wilk test was used to determine 
the normality of the data; otherwise, the results were log 
transformed for analysis. Paired t-test for related samples 
was used to compare the changes in the variables before 
and after each of the treatments, and an unpaired t-test was 
used when the treatments were compared. Statistical anal-
ysis was carried out using GraphPad Prism V.7.0.

Results
Study subjects met obesity criteria and insulin resistance
As observed in online supplementary table 1, there was no 
significant difference in all phenotypical and metabolic 
variables assessed between groups. All subjects were obese 
as observed by BMI, waist circumference and the elevated 
percentage of body fat (online supplementary table 1). In 
addition, all subjects showed insulin resistance according 
to the HOMA-IR index, hyperinsulinemia, hyperleptin-
emia, hypertriglyceridemia and low HDL cholesterol levels. 
Furthermore, the subjects had elevated concentrations of 
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Figure 1  Analysis of fecal samples from genistein-treated humans reveals protection of metabolic endotoxemia. (A) Alpha 
diversity by Shannon index with rarefaction curve and beta diversity by principal coordinates (PC) analysis based on (B) 
unweighted or (C) weighted distances. The gray squares represent baseline samples; orange represents the placebo group; 
and blue represents the subjects that consumed genistein. (D) Taxonomic summary of the gut microbiota at the phylum and (E) 
species level. (F,G) Taxa detected as differentially abundant by LEfSe analysis colored by groups and (H) serum LPS levels in 
subjects that consumed placebo or genistein. Values are given as mean±SEM (n= 22–23). Differences between the two groups 
were evaluated by paired t-test. ****P<0.0001. LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size; 
LPS, lipopolysaccharide.

C reactive protein, indicative of an inflammatory condition 
that has been associated with obesity.22

Biochemical changes after 2 months of intervention with 
genistein
After 2 months of treatment with genistein (GTG) or 
placebo (PG), we did not observe significant differences 
in some anthropometric and biochemical variables 
(online supplementary table 1). In addition, there was 
no significant difference in blood pressure. Interestingly, 
the GTG showed significantly reduced basal insulin levels 
by approximately 24% (p value=0.05) and a reduced 
HOMA-IR index by approximately 28% compared with 
the PG (p value=0.05). Additionally, the GTG presented 
lower C reactive protein levels than the PG (p value=0.06), 
indicative of a reduction in the proinflammatory state.

Serum metabolite signature of genistein consumption
In the GTG, the circulating metabolite profile showed that 
the levels of 30 circulating metabolites differed from those 
in the PG according to the random forest analysis (80% 
accuracy) (online supplementary figure 2). The metabo-
lites included several amino acids or molecules associated 

with amino acid metabolism, lipids, such as phospholipids 
and dicarboxylates, and some unknown metabolites.

Genistein modifies the gut microbiota and reduces metabolic 
endotoxemia
We assessed whether genistein could modify the gut micro-
biota in subjects with obesity. Interestingly, all subjects before 
the intervention and after 2 months with placebo showed 
similar low microbial diversity, whereas the GTG showed 
a notable increase in diversity according to the Shannon 
index (figure 1A) and the unweighted and weighted beta 
diversity analysis (figure  1B,C). Furthermore, genistein 
also affected the abundance of the microbial communities 
(figure 1D). From the GreenGenes database, the taxonomic 
analysis of 16S rRNA gene sequencing revealed that before 
the intervention, Actinobacteria, Bacteroidetes, Firmicutes, 
Proteobacteria and Verrucomicrobia represented 98.2% of 
the total sequences at the phylum level. In these subjects, 
the Firmicutes:Bacteroidetes ratio was 1.07. After the 
intervention, the PG maintained a similar pattern, where 
the abundance of the five main phyla represented 97.9% 
of the total sequences, and the Firmicutes:Bacteroidetes 

https://dx.doi.org/10.1136/bmjdrc-2019-000948
https://dx.doi.org/10.1136/bmjdrc-2019-000948


5BMJ Open Diab Res Care 2020;8:e000948. doi:10.1136/bmjdrc-2019-000948

Metabolism

Figure 2  Metagenomic prediction by PICRUSt in humans 
that consumed placebo or genistein. (A) Principal component 
(PC) analysis plot comparing KEGG module predictions 
using 16S data with PICRUSt. The gray circles represent 
baseline samples; orange represents the placebo group; 
and blue represents the subjects that consumed genistein. 
(B) Relative abundances for specific KEGG modules. (C) 
Fatty acid metabolism; (D) linoleic acid metabolism; (E) 
secondary bile acid biosynthesis; (F) phenylalanine, tyrosine 
and tryptophan biosynthesis; (G) fatty acid biosynthesis; (H) 
pentose phosphate pathway; (I) pentose and glucoronate 
conversions; (J) pyruvate metabolism; and (K) benzoate 
degradation. Values are given as mean±SEM (n= 22–23). 
Differences between the two groups were evaluated 
by paired t-test. **P<0.01, ****P<0.0001. KEGG, Kyoto 
Encyclopedia of Genes and Genomes; LEfSe, linear 
discriminant analysis effect size; PICRUSt, Phylogenetic 
Investigation of Communities by Reconstruction of 
Unobserved States.

ratio was 1.20. Interestingly, Actinobacteria, Bacteroidetes, 
Firmicutes, Proteobacteria and Verrucomicrobia repre-
sented 92.5% of the total sequences in the GTG. Genistein 
produced three important changes: an increase in low 
abundant phyla, including Cyanobacteria, Deferribacteres 
and Tenericutes, a decrease in the Firmicutes:Bacteroidetes 
ratio to approximately 0.76 due to a decrease in Firmicutes, 
and an increase in Verrucomicrobia from approximately 
0.6%–0.9% to 6.78% (figure 1D).

The taxonomic analysis at the genus level showed 
that the gut microbiota was represented by 60 genera. 
Fecalibacterium, Roseburia, Prevotella and Bacteroides repre-
sented 69.5% of the total genera in all subjects before the 

intervention. After the intervention, those four genera 
represented 65.4% of the total genera in the PG and only 
35.5% in the GTG. Interestingly, five genera, including 
Paraprevotella, Suterella, Anaeroplasma, Akkermansia and 
Oscillospira, were increased in the GTG, representing 
41% of all genera, in contrast to the 7%–10% repre-
sented in the PG and in all subjects before the interven-
tion (figure 1E).

The linear discriminant analysis (LDA) effect size 
showed that Prevotella copri and Bacteroides plebeius were the 
most abundant species in all subjects before the interven-
tion. Ruminococcus bromii and B. uniformis were increased, 
but the most abundant species was A. muciniphila in the 
GTG (figure 1F). In addition, the abundance of gut micro-
biota species was different between the PG and the GTG 
after intervention (figure 1F,G). As a consequence of the 
dysbiosis that all subjects had before the intervention, 
all subjects showed metabolic endotoxemia according to 
their LPS serum levels, which were not modified in the 
PG. Notably, the GTG showed a reduction of 70.8% when 
compared with the basal concentration (p value<0.0001) 
(figure 1H).

Genistein increased some metabolic functions of the gut 
microbiota
Prediction of the potential metagenome functions of the 
intestinal gut microbiota using the Phylogenetic Investi-
gation of Communities by Reconstruction of Unobserved 
States (PICRUSt)23 revealed that the PG maintained the 
metabolic functions of the gut microbiota according to 
the PCoA analysis (figure  2A), where the metabolism 
of amino acids, lipids and carbohydrates represented 
approximately 55.4% of all the metabolic functions of the 
gut microbiota in all groups (figure 2B). The metabolism 
of fatty acids significantly increased in the GTG, particu-
larly linoleic acid metabolism (p value<0.0001) and the 
biosynthesis of secondary bile acids (p value<0.0001) 
and several amino acids, including phenylalanine, tyro-
sine and tryptophan (p value<0.0001) (figure 2C–F). In 
contrast, there was a decrease in fatty acid biosynthesis 
(p value<0.0001) and the pentose phosphate pathway 
(p value<0.0001) as well as in pyruvate metabolism (p 
value=0.002) (figure  2G–J) were found. Notably, the 
metabolism of benzoate also increased with genistein (p 
value<0.0001) (figure 2K).

Genistein modifies the abundance of some circulating 
phenolic metabolites derived from the gut microbiota
Since genistein clearly induced a change in the metabolic 
activity of the gut microbiota, we assessed the presence of 
some metabolites derived from its metabolism (figure 3A). 
The analysis revealed that the GTG had higher levels 
of 4-ethylphenylsulfate, methyl-4- hydroxybenzoate and 
3-phenylpropionate (figure  3B). Some of these metabo-
lites have been associated with aerobic capacity, particularly 
with maximal VO2 after exercise,24 indicating an improved 
oxidative capacity of muscle.
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Figure 3  Genistein improves the oxidative capacity 
of skeletal muscle in subjects with obesity and insulin 
resistance (HOMA index greater than 2.5) after 2 months of 
treatment. (A,B) Metabolomic analysis of the compounds 
derived from the benzoate metabolism of bacteria from the 
gut microbiota assessed by mass spectrometry at basal (B) 
and final (F) assessment. (C) Hierarchical clustering heat 
map showing the relative intensity of the 376 differentially 
expressed genes (206 upregulated and 170 downregulated) 
in the GTG versus the PG. Analysis using Partek genomics 
suite; blue indicates downregulated expression and red 
indicates upregulated expression, with intensity of color 
reflecting intensity of upregulation or downregulation. 
(D) Comparison of the percentage of upregulated and 
downregulated genes associated with fatty acid oxidation 
in the GTG versus the PG. (E) Microscopic analysis of SDH 
staining (up) and BODIPY 493/503 staining (down) showing 
mitochondrial activity and lipid accumulation, respectively, 
in sections of OCT-embedded skeletal muscle biopsies from 
the GTG and PG. The nuclei were stained with DAPI. The 
bar measures 200 μm in size. (F) Densitometric quantitation 
of SDH staining and (G) BODIPY staining using ImageJ. (H) 
Immunoblotting analysis of total ACC, p-ACC, total AMPK 
and p-AMPK of skeletal muscle biopsies of obese patients 
in GTG and PG. (I) Densitometric quantitation of p-ACC/
total ACC and (J) p-AMPK/total AMPK. values are given as 
mean±SEM (n=10). Differences between the two groups 
were evaluated by unpaired t-test. *P<0.05, ***P<0.001. 
ACC, acetyl-CoA carboxylase; AMPK, 5′-adenosine 
monophosphate-activated protein kinase; BODIPY, boron-
dipyrromethene; DAPI, 4′,6-diamidino-2-phenylindole; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
GTG, genistein-treated group; HOMA, Homeostatic Model 
Assessment; OCT, Optimal Cutting Temperature reagent; p-
ACC, Phospho-Acetyl-CoA Carboxylase; p-AMPK, Phospho-
AMP-activated protein kinase; PG, placebo group; PPi, 
Pyrophosphate; SDH, succinate dehydrogenase.

Genistein consumption increases the expression of genes 
involved in fatty acid oxidation in skeletal muscle
In fact, a gene expression microarray analysis in skeletal 
muscle biopsies revealed that the expression of 206 genes 
was upregulated in the GTG (figure 3C). Genes associated 

with fatty acid oxidation, including those regulated by 
AMPK, were among the genes upregulated by genistein 
(figure 3D). In addition, the skeletal muscle of individuals 
in the GTG presented increased SDH staining, indicative of 
higher mitochondrial activity compared with that in the PG 
(p value<0.0002) (figure 3E,F). As a consequence, the skel-
etal muscle of individuals in the GTG showed a lower accu-
mulation of triglycerides than that in those from the PG 
(p value<0.0002) (figure 3E,G), suggesting an increase in 
fatty acid oxidation. Furthermore, an enrichment pathway 
analysis derived from the microarray analysis revealed that 
genistein was associated with a main effect on AMPK, a 
central node that can stimulate several metabolic pathways, 
including fatty acid oxidation. In fact, genistein increased 
AMPK phosphorylation on the Thr 172 residue of the α 
subunit by 7.2-fold (p value=0.02) (figure 3H,I) and ACC 
phosphorylation by 18.8-fold (p value=0.02) (figure 3H,J) 
in the muscles of individuals in the GTG, suggesting an 
increase in fatty acid oxidation.

Genistein increases the circulating concentration of fatty acid 
oxidation metabolites
Furthermore, a metabolomic analysis of circulation 
showed increased free fatty acids, including medium-
chain, long-chain and polyunsaturated fatty acids, in the 
GTG when compared with baseline or the PG (figure 4A), 
indicative of high-energy demand, as observed by an 
increase in dicarboxylic fatty acids that are ω-fatty acid 
oxidation intermediates and hydroxy fatty acids that 
are formed during the intermediate stages of fatty acid 
oxidation (p value=0.01) (figure 4A–D). Moreover, the 
increase in acylcarnitines and 3-hydoxybutyrate in the 
GTG was associated with increased β-fatty acid oxida-
tion (figure  4A,E). Therefore, the observed changes 
are indicative of a signature of increased lipid metab-
olism with genistein supplementation that consists of 
augmented fatty acid mobilization and oxidation. These 
results suggest that the beneficial effects of genistein on 
the stimulation of fatty acid oxidation in skeletal muscle 
could be associated with an improvement in insulin 
sensitivity.

Genistein consumption improves glucose tolerance
Then, to assess the effect of genistein on glucose tolerance, 
we performed an oral glucose tolerance test (OGTT) on 
the subjects at baseline and at 2 months after treatment. 
The basal response was similar between groups, and after 
2 months of intervention, the PG maintained the same 
response to the OGTT (figure 5A,B). Interestingly, the GTG 
showed a significant decrease, particularly in the serum 
insulin concentration, with respect to the basal OGTT (p 
value=0.02). The glucose and insulin AUC showed a 4.5% 
and 19.4% decrease, respectively, although a significant 
difference was reached only for insulin (figure 5C,D). As 
a consequence, there was an improvement of the HOMA 
index and the Matsuda index in the GTG (figure 5E,F), 
indicating an increase in insulin sensitivity.
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Figure 5  Genistein improves insulin sensitivity in subject 
with obesity and insulin resistance (HOMA index greater than 
2.5). (A) Glucose and (B) insulin concentration during an oral 
glucose tolerance test in PG, comparing the levels before 
and after 2 months of placebo treatment. (C) Glucose and (D) 
insulin concentration during an oral glucose tolerance test in 
the GTG, comparing the levels before and after 2 months of 
genistein treatment. (E,F) Matsuda index in the PG and GTG 
before and after 2 months of treatment. Values are given as 
mean±SEM (n= 22–23). Differences between the two groups 
were evaluated by paired t-test. *P<0.05. AUC, area under 
the curve; HOMA, Homeostatic Model Assessment; GTG, 
genistein-treated group; PG, placebo group.

Figure 4  Genistein increases serum circulating 
acylcarnitines and dicarboxylic, hydroxy and free fatty 
acids, indicating the stimulation of fatty acid oxidation in 
skeletal muscle. (A) Metabolomic analysis in circulation of the 
individuals in the GTG when compared with baseline or the 
PG (n=22–23). (B) Schematic of the biochemical pathways of 
lipids involved in the metabolomic analysis. (C) Azeleate, (D) 
suberate and (E) octanoylcarnitine circulating concentrations 
during basal (B) and final (F) assessments of the GTG and 
the PG before and after the 2-month intervention (n=22–23). 
Values are given as mean±SEM (n= 22–23). Differences 
between the two groups were evaluated by paired t-test. 
*P<0.05. BHBA, beta-hydroxybutyrate; GTG, genistein-
treated group; PG, placebo group.

Discussion
Insulin resistance is a common alteration developed by 
subjects with obesity, and this is a consequence in part 
due to the development of lipotoxicity in non-adipose 
tissues, particularly the skeletal muscle.25 Several pharma-
cological treatments have been designed to attend this 
harmful problem in order to prevent the appearance of 
type 2 diabetes. Metformin, a plant-derived drug that was 
chemically modified, has been extensively used to reduce 
insulin resistance, and it has been demonstrated that its 
effects are mediated by the activation of AMPK26 27 as 
well as by modifying the gut microbiota.28 In the present 
study, similarly, we found that the soy isoflavone genistein 
has similar effects that also involve modifications of the 
gut microbiota and activation of AMPK.

Genistein was first identified in 1899,29 and in 1931, it was 
found that it is one of the three main isoflavones present 
in soybean.30 Several biological roles have been assigned 
to this molecule, especially that it was associated with a 
weak estrogen.31 However, in recent years, other biological 
activities have been associated with this compound, partic-
ularly with glucose metabolism. Several meta-analyses have 

confirmed that isoflavones improve fasting glucose and 
insulin levels, as well as insulin resistance.32 33 It has been 
suggested that soy isoflavones decrease the risk of type 2 
diabetes in obese women.34 Studies in rats and C2C12 
myotubes cells have demonstrated that genistein can acti-
vate the enzyme AMPK by increasing fatty acid oxidation 
in skeletal muscle, leading to an improvement in insulin 
sensitivity.12 Interestingly, genistein also stimulates AMPK in 
mouse hepatocytes and activates pathways involved in the 
cholesterol excretion.35 The present study demonstrates 
that in humans with metabolic syndrome and insulin resis-
tance, consumption of genistein for 2 months improved 
significantly the insulin sensitivity in these subjects. It has 
been shown that the serum metabolite profile is a factor 
that has been associated with modifications in insulin sensi-
tivity.36 37 In fact, our data showed that part of the beneficial 
effect of genistein took place by an increase in the oxidation 
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of fatty acids as observed by the circulating metabolomics 
signature present in these subjects. These effects were asso-
ciated by an increase in the oxidative capacity of the skeletal 
muscle on fatty acids, in part mediated by the activation of 
AMPK. Interestingly, in the present study, we demonstrated 
that the effects of genistein on carbohydrate metabolism 
might occur via a complex interaction involving the gut 
microbiota.

It is known, since the first description by Cani et al, that 
diabetes and obesity are characterized by the presence of 
metabolic endotoxemia, a condition that is dependent on 
circulating LPS levels.14 The elevation of LPS concentra-
tion has been associated to several mechanisms including 
the consumption of high fat in the diet or a change in the 
intestinal permeability.14 38 39 In fact, it has been demon-
strated that dysbiosis of the gut microbiota can alter the 
gut permeability, and several factors can contribute to 
modifications of the gut microbiota, such as intestinal 
infections by pathogens, the use of antibiotics or dietary 
factors leading to the development of metabolic endotox-
emia.15 The elevation of LPS is associated with a low-grade 
inflammation state, and this condition is frequently asso-
ciated with the development of obesity.14 Interestingly, in 
the present study, we observed that genistein decreased the 
concentration of systemic inflammatory markers, in partic-
ular C reactive protein. In the last decade, it has been estab-
lished that elevation of inflammatory markers can induce 
insulin resistance.40 Therefore, the elevation of fatty acid 
oxidation in skeletal muscle and the decrease in the inflam-
matory response due to the consumption of genistein are 
probably mainly responsible for the beneficial effects of 
this isoflavone on improving insulin resistance.

In our study, we found that genistein notably increased 
the phylum Verrucromicrobia in all subjects compared 
with those treated with placebo. The analysis revealed 
that the increase in the Verrucomicrobia phylum was 
associated with an increase in the Akkermansia genus. 
In particular, at the species level it was associated with 
an increase of A. muciniphila. Studies by Cani et al have 
revealed that an increase in A. muciniphila abundance is 
associated with lower blood glucose levels as well as low 
HOMA-IR in mice and humans.41–43

Interestingly, the PICRUSt analysis showed that genistein 
consumption can influence the bacterial metabolism of 
the gut microbiota, selectively increasing several meta-
bolic pathways of the gut microbiota. It is of interest that 
some metabolites from the bacterial metabolism can influ-
ence some specific mechanisms associated with the use of 
fatty acids as energy sources. It has also been shown that 
genistein increases the formation of metabolites derived 
from the benzoate metabolism. In fact, there is evidence 
that genistein can be biotransformed by the gut micro-
biota to 4-ethylphenol.44 In particular, 4-ethylphenylsulfate, 
a product derived from 4-ethylphenol, is associated 
with the maximal aerobic capacity in healthy subjects, 
as well as prediction of lean body mass.24 45 Although 
4-ethylphenylsulfate in a study was associated with the 
development of some neurobiological alterations,46 some 

studies have indicated that genistein can improve some 
neurodegenerative disorders.47 In fact, experimental 
evidence in mice also show that genistein can reduce the 
metabolic endotoxemia, improving the cognitive func-
tion.19 Therefore, the metabolic context of the subjects 
may influence the effects of several metabolites produced 
by the gut microbiota.

The results of the present study demonstrated that 
consumption of genistein in subjects with metabolic 
syndrome and insulin resistance can improve insulin sensi-
tivity, an effect associated with a modification of the gut 
microbiota by increasing particularly A. muciniphila, and 
an increase in oxidative capacity of fatty acids in the skel-
etal muscle. Further studies are still needed to evaluate 
the long-term effect as well as the doses of genistein to 
improve glucose metabolism in humans, as well as if the 
effect is sustained on the gut microbiota after the removal 
of genistein. Our results show that the search of new mole-
cules to deal with metabolic alterations associated with 
obesity is an important area of research, particularly for the 
treatment of insulin resistance to reduce the risk to develop 
type 2 diabetes.
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