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Genistein improves glucose metabolism and
promotes adipose tissue browning through
modulating gut microbiota in micet
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Genistein has beneficial effects on glucose metabolism and adipose tissue browning which paralleled with
gut microbiota alterations. However, the causality is unclear. This study aims to evaluate whether genistein
could ameliorate metabolism and activate the browning program and whether gut microbiota is indispens-
able for these alterations. We examined the effect of 10-week genistein gavage (30 mg kg™t d™%) on glucose
metabolism in C57BL/6J mice. Cecal contents were collected for 16s rRNA sequencing. The mRNA of
browning markers was quantified in adipose tissues. Antibiotic administration was used to deplete gut
microbiota. The lean mice with a normal control diet and genistein exhibited better glucose tolerance and
higher expression of UCP1 and PGCla in white fat compared with those without genistein. Markedly
enriched Blautia, Ruminiclostridium_5, and Ruminiclostridium_9 in genistein-treated mice were significantly
correlated with browning markers and glucose tolerance. In obese mice, genistein alleviated the detrimental
effects of a high-fat diet on glucose homeostasis and increased UCP1 and PGCla expression in brown fat.
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Obvious increases in Ruminiclostridium, Rikenella, and Clostridium_sensu_stricto_1 by genistein were
associated with metabolic improvement. However, depleting gut microbiota abolished these benefits.
Overall, our findings indicated that gut microbiota contributed to enhanced glucose metabolism and
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Introduction

According to the latest data from the International Diabetes
Federation (IDF), there were approximately 537 million adults
with diabetes mellitus (DM) worldwide in 2021. If this growing
trend continues, this number is expected to increase to
783 million in 2045." The worldwide epidemic DM has
resulted in tremendous economic and social burden. Type 2
diabetes mellitus (T2DM) accounts for more than 90% of
global DM cases.> ™ Obesity has been widely recognized in the
pathogenesis of T2DM and considered to be an independent
risk factor for it. Therefore, it is essential to find more effective
strategies to inhibit and slow the occurrence and development
of T2DM and obesity.

Taking advantage of their diverse biological activities and
low toxicity, naturally occurring substances have been con-
sidered to be valuable resources for the development of new
therapeutic agents in chronic metabolic disease treatment.’
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adipose tissue browning of genistein, providing a promising target for metabolic health protection.

Genistein is an isoflavone mainly found in soy products. The
estimated intake of isoflavones in Asian populations consum-
ing diets high in soy-based products is approximately
20-80 mg day ".°® While the typical Western diet contains far
lower levels of genistein, followers of strict vegetarian diets
would be expected to have intake levels approaching that of
the Asian diet. Genistein has been investigated for protective
effects in cognitive function,'® cancer therapy,'’ and cardio-
vascular' and metabolic health.'®'* The structural simi-
larities between genistein and estradiol can partially elucidate
the potential therapeutic and preventive actions of genistein
exerted on diseases.'”> Concretely, genistein displays a broad
range of effects on inflammation and NAD* metabolism.*® It
also induces insulin sensitivity, fatty acid metabolism, and adi-
pocyte differentiation, and consequently improves glucose and
lipid metabolism.">'”*® The identified potential pathways
include improving oxidative stress,"*>* inhibiting tyrosine
kinase activities,”® and enhancing GLUT4 (glucose transporter
type 4) and PPARy (peroxisome proliferator-activated receptor
gamma) expression.”* Unfortunately, the exact mechanisms
are not completely understood.

With the rapid development of high-throughput sequencing
technology in microbiology, the gut microbiome has received
increasing attention and is regarded as “forgotten metabolic
organs”. Numerous recent studies have indicated that
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microbial dysbiosis was intertwined with metabolic pertur-
bations. The evidence from human and animal studies has
proved that there were significant differences in the gut micro-
biota of individuals with metabolic disorders (including
glucose intolerance, insulin resistance and hyperlipidemia)
and healthy individuals.>>*® Limited studies and our previous
research have reported that genistein intake significantly
relieved glucose intolerance induced by a high-fat diet or atte-
nuated the harmful effects of maternal overnutrition on
metabolism in offspring accompanied by the modification of
the gut microbiota.***> However, little information is known
about the causal relationship and molecular links between gut
microbiota and the metabolic protection of genistein
administration.

It is worth noting that genistein has been proposed as a
promising “browning agent” to increase the expression of
browning markers in white adipose tissue (WAT) and to stimu-
late the activation of brown adipose tissue (BAT).>*7¢
Furthermore, accumulating data showed that gut microbiota is
a vital endogenous factor in regulating white-to-brown fat con-
version and non-shivering thermogenesis in BAT.>”*® These
results provide insight into the gut microbiota-adipose tissue
signaling axis and beige fat development in the process of
rehabilitation of metabolic dysfunction by genistein. Hence,
we hypothesized that exposure to genistein could modulate
glucose metabolism and the browning program of adipose
tissues in mice. In addition, the present study depleted gut
microbiota by a cocktail of antibiotics (ABX) to confirm its
necessity in the role of genistein in promoting metabolic
health.

Materials and methods
Animal model and experimental protocol

Four-week-old C57BL/6] female mice were purchased from
Beijing HFK Bioscience Co., Ltd (Beijing, China, SCXK-2016-
0006). Mice were housed in a specific pathogen-free (SPF)
environment (room temperature of 20-24 °C and 12 h light/
dark cycle) with ad libitum access to food and sterile water. For
the lean mice fed a normal control diet (AIN-93G, 15.8% of the
calories as fat), fifteen-week-old females were randomly
assigned into three groups: (1) CD (n = 5): treated by daily
gavage with a vehicle (saline solution containing 3% DMSO,
Sigma, Shanghai, China); (2) CG (n = 6): administered genis-
tein (30 mg kg™ day ", freshly prepared in 3% DMSO solution)
(CAS: 466-72-0, G0272, TCI Development Co., Ltd); and (3)
CABX (n = 5): treated with genistein accompanied by an anti-
biotic cocktail (ABX) drink (0.5 g L™' vancomycin, 1 g L™
metronidazole, 1 ¢ L™' neomycin sulfate, and 1 g L™" ampi-
cillin). Based on a series of safety studies with genistein,**%*°
the administration dosage in this study represented a level
within the dose range that has been shown to elicit effects in
laboratory animals. The dose translation from mice to human
dose equivalents was calculated through normalization to the
body surface area and using the formula shown in the ESI
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Fig. 1.7*" This calculation results in a human equivalent dose
for genistein of 2.4 mg kg™, which is close to the daily con-
sumption of soy products in Asian populations. While it may
not be achievable through the typical Western diet, this con-
centration may be provided through a daily oral supplement.

To further explore the efficacy of genistein under an abnor-
mal metabolic state, another high-fat diet induced obesity
mouse model was established. Similarly, mice were fed with a
high-fat diet starting at 5 weeks old for 10 weeks, and then
were randomly divided into three groups: (1) HFD (n = 5):
high-fat diet fed mice with a vehicle; (2) HFG (n = 6): high-fat
diet fed mice with genistein; and (3) HFABX (n = 5): high-fat
diet fed mice with genistein and ABX.

The intervention of genistein and ABX lasted for 10 weeks.
Body weight and food and water intake were measured every
week. At the end of the experiment, all mice were sacrificed.
Blood samples were collected from the intraorbital retrobulbar
plexus after 10-12 h of fasting from anesthetized mice. The
inguinal subcutaneous adipose tissue (SAT), perirenal visceral
adipose tissue (VAT) and interscapular brown adipose tissue
(BAT) were removed and weighed. The cecal contents were
quickly removed, snap frozen in dry ice, and then stored at
—80 °C for further analysis. The experimental design is shown
in Fig. 1A and 4A. All work involving animals was performed
according to the procedures approved by the Animal Care and
Ethics Committee at Peking Union Medical College Hospital
(Beijing, China, XHDW-2019012). All the animal operations
were conducted in compliance with the National Institutes of
Health guide for the care and use of laboratory animals.

Intraperitoneal glucose tolerance tests (IPGTTs)

IPGTTs were performed three times, first before the start of
genistein and ABX intervention (baseline), second at 5 weeks
after genistein and ABX intervention, and third at the end of
the experiment. After 6 h of fasting, glucose was injected intra-
peritoneally at 2 g per kg body weight. Blood glucose (BG) was
measured in the blood from tail veins before injection (time
0 min) and 15, 30, 60, 90 and 120 min after glucose injection,
using a Contour TS glucometer (Bayer, Beijing, China). The
area under the curve (AUC) was calculated as previously
described.**

Serum biochemical parameter measurement

The blood samples collected at the end of the experiment were
centrifuged at 3000g for 10 min at 4 °C, and the serum was
stored in aliquots at —80 °C. Plasma glucose, free fatty acids
(FFAs), total triglyceride (TG), total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), and low-density lipo-
protein cholesterol (LDL-C) were measured using an autoanaly-
zer in the Peking Union Medical College Hospital. Plasma
insulin was detected using the enzyme-linked immunosorbent
assay (ELISA) kit (80-INSMSU-E01, Salem, NH, USA) according
to the protocol provided by the supplier. Insulin sensitivity
was assessed by homeostasis model assessment of insulin re-
sistance (HOMA-IR), which was calculated as previously
described.**

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Genistein improved the glucose tolerance and enhanced the relative gene expression levels of browning markers in the inguinal sub-
cutaneous adipose tissue of lean mice. (A) Experimental scheme; (B) the changes of body weight during the intervention period; (C) mean food
intake during the experimental period expressed as grams per day; (D) mean water intake expressed as milliliters per day; (E) AUC of blood glucose
values during intraperitoneal glucose tolerance tests; (F) intraperitoneal glucose tolerance test at the end of experiment; (G) relative gene expression
levels of UCP1; (H) relative gene expression levels of PGClq; (I) relative gene expression levels of PPARq; (J) relative gene expression levels of PPARy;
(K) relative gene expression levels of PRDM16. CD, normal control diet with a vehicle; CG, normal control diet with genistein; CABX, normal control
diet with genistein and antibiotic cocktail. AUC, area under the curve; UCP1, uncoupling protein 1; PGCla, peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha; PPARa, peroxisome proliferator-activated receptor alpha; PPARy, peroxisome proliferator-activated receptor
gamma; PRDM16, positive regulatory domain containing 16. Data are expressed as means + S.E.M. (n = 5-6 per group) and were analyzed by one-
way ANOVA or two-way ANOVA, with Turkey post hoc analyses. Mean values were significantly different between the groups: “CG vs. CD, “p < 0.05,

“p <0.01, ™p < 0.0001; ¥CG vs. CABX, #p < 0.05, ##p < 0.01, ***#p < 0.0001; CABX vs. CD, °p < 0.05, ***°p < 0.0001.

included barcode sequences and adapters. Amplicons were
purified using the OMEGA Cycle Pure kit (D6492-02, Omega
Bio-Tek, USA) and Monarch DNA gel extraction kit (T1020L,

Gut microbiota analysis

Microbial DNA was extracted from the cecal contents using a

DNA isolation kit (MN NucleoSpin 96 Soi, MACHEREY-NAGEL,
Dueren, Germany) according to the manufacturer’s protocols.
The V3-V4 regions of the 16S rRNA genes were amplified with
the common primer pair (338F, 5-ACTCCTACGGGA-
GGCAGCA-3'; 806R, 5-GGACTACHVGGGTWTCTAAT-3"), which

This journal is © The Royal Society of Chemistry 2022

New England BioLabs, MA, USA). The tags were sequenced on
the Illumina HiSeq 2500 PE250 platform (Illumina, Inc., CA,
USA).

A total of 2560330 reads was generated and then merged
using the FLASH software®® (version 1.2.11). After merging
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paired-end reads, reads were performed by quality filtering
(Trimmomatic,** version 0.33) and chimera detection
(UCHIME,* version 8.1). High quality reads were clustered
into operational taxonomic units (OTUs) with 97% similarity
using the UPARSE software*® (version 10.0), and representative
sequences for each OTU were screened using the QIIME2 soft-
ware?” (version 2020.6, Center for Microbiome Innovation,
University of California San Diego, La Jolla, CA, USA). Then,
the RDP Classifier*® (version 2.2) was used to annotate taxo-
nomic information. Alpha and beta diversity analyses were
achieved using the QIIME2 and R software (Version 3.1.1). For
alpha diversity, Chaol, Ace, Shannon and Simpson indexes
were analyzed. For beta diversity, principal coordinate analysis
(PCoA) plots and analysis of similarities (ANOSIM) were per-
formed using the Bray-Curtis measure. Additionally, linear
discriminant analysis (LDA) of the effect size (LEfSe) was used
to determine differences among the groups. The datasets pre-
sented in this study can be found in online repositories.

qRT-PCR experiments

Total RNA from frozen BAT and WAT was extracted via the
RNA-Solv® reagent (Omega Bio-Tek Inc., Guangzhou, China)
according to the manufacturer’s instructions. The quality and
concentration of RNA were analyzed on Nanodrop (ND-1000;
NanoDrop Products, Wilmington, DE, USA). 1 pg of total RNA
was used as the template for ¢cDNA synthesis using the
PrimeScript TM RT reagent kit with gDNA Eraser (RR047A,
TaKaRa Bio Inc., Otsu, Shiga, Japan). Real-time PCR was per-
formed using TB Green PCR Master Mix (RR820A, Takara Bio
Inc., Otsu, Shiga, Japan) and quantitative PCR was carried out
in triplicate using a 96 well PCR microplate for ABI 7500 ther-
mocycler (Applied Biosystems, CA, USA) in a 20 pL reaction
volume. The reaction conditions consisted of an initial acti-
vation step (30 s at 95 °C) and a cycling step (denaturation for
5 s at 95 °C and annealing for 34 s at 60 °C for 40 cycles). The
following six genes related to WAT browning or BAT thermo-
genesis were evaluated: UCP1 (uncoupling protein 1), PGCla
(peroxisome proliferator-activated receptor gamma coactivator

Table 1 Adipose tissue mass and metabolic parameters of lean mice
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1-alpha), PPARa (peroxisome proliferator-activated receptor
alpha), PPARy (peroxisome proliferator-activated receptor
gamma) and PRDM16 (positive regulatory domain containing
16). The relative expression levels of each gene were normal-
ized to PPIA (peptidylprolyl isomerase A). The specificity of the
amplified genes was verified by dissociation curves. The
primer sequences used in this study are provided in the ESI
Table 1.1 RNA expression data were analyzed according to the
2744Ct method.

Statistical analysis

Statistical analyses were completed using Prism version 7.0
(GraphPad Software Inc., San Diego, CA, USA) with p < 0.05
used to determine statistical significance of all comparisons.
Data are presented as the means + standard error of the means
(S.E.M.). Multiple comparisons between groups were per-
formed by one-way ANOVA and two-way ANOVA, with Tukey’s
and Bonferroni post hoc analyses. The relationships between
the relative abundance of bacterial taxa at the genus level and
browning markers as well as IPGTT AUC were analysed by
Spearman’s correlation analysis.

Results

The effects of genistein and antibiotic cocktail administration
on metabolic phenotype in lean mice

During the 10-week genistein intervention, there was no
significant difference between the CD and the CG groups in
body weight, adipose tissue content, average food or water
intake (Fig. 1B-D and Table 1). However, compared with the
genistein diet fed without ABX drink mice, the body weight of
the ABX-treated mice decreased dramatically within 1 week
and returned to the original weight in the second week.
Besides, the CABX group exhibited a striking decline in water
intake.

An IPGTT was performed to explore the effect of genistein
on glucose metabolism of mice. At the end of the treatment,
we observed that genistein attenuated the elevation of blood

Parameters CD (n=5) CG (n=6) CABX (n=15)

SAT (g) 0.134 + 0.023 0.132 + 0.018 0.118 + 0.001
VAT(g) 0.098 + 0.036 0.113 + 0.034 0.052 = 0.021
BAT (g) 0.112 + 0.012 0.095 + 0.011 0.090 = 0.007
TC (mmol 1*1) 2.476 + 0.049 2.506 + 0.079 3.060 + 0.249™"
TG (mmol I~ ] 0.149 + 0.044 0.096 + 0.011 0.138 £ 0.032
LDL-C (mmol I 2 0.194 + 0.011 0.214 + 0.005 0.383 + 0.048""
HDL-C mmol I~ 1.047 £ 0.017 1.062 £ 0.049 1.252 + 0.059"%
FFA (pmol I~ ) 975.800 + 95.980 1004.000 + 29.910 1039.000 + 50.170
Insulin (ng ml™Y) 0.157 +0.030 0.194 + 0.026 0.147 + 0.011
HOMA-IR 1.003 £ 0.253 1.239 £0.189 0.820 £ 0.108

CD, normal control diet with a vehicle; CG, normal control diet with genistein; CABX, normal control diet with genistein and antibiotic cocktail.
SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; BAT, brown adipose tissue; TC, total cholesterol; TG, triacylglycerol; HDL-C, high
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FFA, free fatty acid; and HOMA-IR, homeostasis model assessment of
insulin re51stance Data are expressed as means * S.E.M. (n = 5-6 per group) Mean values were significantly different between the groups: "CABX
vs. CD, p<005 "CABX vs. CG, p<005

M718 | Food Funct,, 2022,13, 1715-11732 This journal is © The Royal Society of Chemistry 2022
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glucose at 15 min (p < 0.0001) and 30 min (p < 0.0001) as well
as reduced the AUC (p < 0.01) in comparison with those in the
CD group (Fig. 1E and F). Conversely, gut microbiota depletion
counteracted these benefits. In addition to glucose tolerance,
insulin sensitivity of mice was also evaluated. As shown in

View Article Online

Paper

Table 1, genistein did not exert effects on fasting insulin levels
or HOMA-IR index.

To explore the effects of genistein on lipid metabolism, we
measured the serum levels of TC, TG, HDL-C, LDL-C, and
FFAs. Unfortunately, no significant difference was found
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Fig. 2 Genistein altered the gut microbiota in lean mice. (A) Venn diagram of the OTUs; (B) Chao index; (C) ACE index; (D) Simpson index; (E)
Shannon index; (F) PCoA plots of gut microbiome; (G) relative abundance of the top 10 phyla; (H) relative abundance of the top 10 genera; (I) the
LEfSe analysis of the different gut microbiota from the phylum level down to the genus level. CD, normal control diet with a vehicle; CG, normal
control diet with genistein; CABX, normal control diet with genistein and antibiotic cocktail. Data are expressed as means + S.E.M. (n = 5-6 per
group). Differences with P < 0.05 were considered to be significant. p < 0.05, “p < 0.01.
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between CD and CG groups, but the serum TC (p < 0.05),
LDL-C (p < 0.05), and HDL-C (p < 0.05) levels were significantly
higher in mice from the CABX group than those from other
two groups (Table 1).

Genistein-treated lean mice exhibited white adipose tissue
browning

There is evidence that the improvement in carbohydrate
metabolism is associated with metabolic changes occurring in
the adipose tissue.*>*® In response to stimulation, brown fat
cells also emerge in the WAT (named beige cells) through the
expression of BAT typical markers, a process known as brown-
ing. In this study, the expression pattern associated with WAT
browning was detected in the mice that were administered
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genistein. The increases in the UCP1 and PGCla expression
were approximately 7- and 4-fold, respectively (Fig. 1G and H).
It is noteworthy that ABX administration reversed the
expression of the above genes back to the same level as in the
CD group, suggesting that the lack of gut microbiota could
interfere with the genistein-induced WAT browning. However,
the expression of brown fat specific markers in the interscapu-
lar BAT did not significantly differ among these three groups
(ESI Fig. 21).

Gut microbiota contributes to the beneficial effects of
genistein on glucose homeostasis in lean mice

16s rRNA gene sequencing was applied to verify the causality
of gut microbiota modification and the enhanced glucose
metabolism induced by genistein intervention. The Venn
diagram showed that there were 361 shared OTUs among the
three groups, 2 unique OTUs in the control diet fed mice, 3
OTUs in the CG group and 3 unique OTUs in the mice treated
with genistein and ABX (Fig. 2A). The results of alpha diversity
showed that microbial diversity and richness had no difference
between CD and CG groups, but remarkably decreased in the
CABX group (Fig. 2B-E). As shown in Fig. 2F, PCoA revealed
that the intestinal microbiota was separated among the three
groups, which was further confirmed by ANOSIM (R* = 0.735, p
= 0.001). The relative abundance of the top 10 phyla and
genera are listed in Fig. 2G and H. At the phylum level,
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria
were the most abundant, whereas the relative abundance of
the four phyla were not significantly different between the CD
and CG groups. However, ABX exposure greatly altered the
composition of the gut microbiota, and compared with other
two groups, the dominant phyla shifted from Firmicutes and
Bacteroidetes to Proteobacteria (Fig. 3A-C). At the genus level,
genistein dramatically increased the relative abundance of
Ruminiclostridium_5 (p < 0.05), Ruminiclostridium_9 (p < 0.01),
and Blautia (p < 0.0001), as well as a growth tendency in
Faecalibaculum (P = 0.08) when compared to the control group.
In contrast, all of these genera were markedly retrogressed by
ABX treatment (p < 0.01 and p < 0.0001) (Fig. 3D-G). We
further dissected the individual microbial species differentially
enriched among the three groups from the phylum level to the
genus level. The result of LEfSe analysis was consistent with
the above findings (Fig. 2I).

Correlation analyses between gut microbiota and browning
markers in WAT as well as glucose tolerance in lean mice

Next, to explore the relationship between the abundance of sig-
nificantly altered bacteria at the genus level and WAT browning
as well as glucose tolerance, we did the Spearman correlation
analysis. The results indicated that significantly enriched
genera Blautia, Ruminiclostridium_5 and Ruminiclostridium_9
by genistein administration were all positively correlated with
the relative expression of browning markers (UCP1 and PGC1aq)
and negatively related with the AUC of IPGTTs (Fig. 3H).

This journal is © The Royal Society of Chemistry 2022
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and the correlation analysis between these dramatically altered genera and

the relative expression of browning markers in WAT as well as glucose tolerance in lean mice. (A) Phylum Bacteroidetes; (B) phylum Firmicutes; (C)
phylum Proteobacteria; (D) genus Ruminiclostridium_5; (E) genus Ruminiclostridium_9; (F) genus Blautia; (G) genus Faecalibaculum; (H) heatmap of
spearman correlation analysis. CD, normal control diet with a vehicle; CG, normal control diet with genistein; CABX, normal control diet with genis-
tein and antibiotic cocktail. AUC, area under the curve of IPGTTs; UCP1, uncoupling protein 1; PGCla, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha. The statistics were analyzed by MetaStat or spearman correlation analysis (n = 5-6 per group). Differences with P < 0.05

Hkkk

were considered to be significant. "p < 0.05, “p < 0.01, “p < 0.0001.

Genistein administration ameliorates high fat diet-driven
glucose metabolic disorder

To further explore the effect of genistein in improving meta-
bolic dysfunction, an investigation was conducted on obesity

This journal is © The Royal Society of Chemistry 2022

mice induced by a high-fat diet. In line with lean mice,
10-week genistein therapy did not significantly change the
body weight, adipose tissue content, average food or water
intake of mice fed a high-fat diet (Fig. 4B-D). In order to deter-
mine whether genistein gavage could fight against the deleter-
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Fig. 4 Genistein improved the glucose tolerance and enhanced the relative gene expression levels of thermogenesis indicators in the interscapular
brown adipose tissue of obesity mice. (A) Experimental scheme; (B) the changes of body weight during the intervention period; (C) mean food intake
during the experimental period expressed as grams per day; (D) mean water intake expressed as milliliters per day; (E) AUC of blood glucose values
during intraperitoneal glucose tolerance tests; (F) intraperitoneal glucose tolerance test at the end of experiment; (G) relative gene expression levels
of UCPI1; (H) relative gene expression levels of PGClq; (l) relative gene expression levels of PPARq; (J) relative gene expression levels of PPARy; (K)
relative gene expression levels of PRDM16. HFD, high-fat diet with a vehicle; HFG, high-fat diet with genistein; HFABX, high-fat diet with genistein
and antibiotic cocktail. AUC, area under the curve; UCP1, uncoupling protein 1; PGCla, peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha; PPARa, peroxisome proliferator-activated receptor alpha; PPARy, peroxisome proliferator-activated receptor gamma; PRDM16, positive
regulatory domain containing 16. Data are expressed as means + S.E.M. (n = 5-6 per group) and were analyzed by one-way ANOVA or two-way
ANOVA, with Turkey post hoc analyses. Mean values were significantly different between the groups: "HFG vs. HFD, “p < 0.05, “p < 0.01, ™p <
0.0001; *HFG vs. HFABX, *p < 0.05, ##p < 0.01, ####5 < 0.0001; SHFABX vs. HFD, $%%5p < 0.0001.

ious effects of high-fat diet on glucose tolerance, we performed 30 min (p < 0.001), 60 min (p < 0.05) and AUC (p < 0.05) were
IPGTTs for the three groups. As shown in Fig. 4E and F, significantly lower than in the HFD and HFABX groups.
obesity mice from the HFG group demonstrated a marked Meanwhile, we measured the fasting serum insulin levels and
improvement in glucose tolerance. The blood glucose levels at calculated the HOMA-IR index to investigate the effects of gen-
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Table 2 Adipose tissue mass and metabolic parameters of obesity mice

Parameters HFD (n = 5) HFG (n=6) HFABX (n = 5)
SAT (g) 0.338 + 0.081 0.338 £ 0.015 0.310 + 0.090
VAT(g) 0.0180 + 0.038 0.148 + 0.027 0.130 + 0.043
BAT (g) 0.126 + 0.021 0.107+ 0.017 0.098 + 0.016
TC (mmol 17) 3.184 + 0.337 3.089 + 0.240 2.912 + 0.160
TG (mmol 1) 0.141 + 0.031 0.107 + 0.016 0.192 + 0.028
LDL-C (mmol 1) 0.236 + 0.036 0.209 + 0.027 0.216 + 0.016
HDL-C (mmol 1) 1.243 + 0.094 1.270 + 0.092 1.303 + 0.038
FFA (umol 1) 706.900 + 61.450 726.700 + 91.080 753.000 + 59.09
Insulin (ng m1™") 0.321 + 0.058 0.189 + 0.001" 0.161 + 0.011%
HOMA-IR 2.723 +0.319 1.517 + 0.116" 1.297 + 0.086"##

HFD, high-fat diet with a vehicle; HFG, high-fat diet with genistein; HFABX, high-fat diet with genistein and antibiotic cocktail. SAT,
subcutaneous adipose tissue; VAT, visceral adipose tissue; BAT, brown adipose tissue; TC, total cholesterol; TG, triacylglycerol; HDL-C, high
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FFA, free fatty acid; and HOMA-IR, homeostasis model assessment of

insulin resistance. Data are expressed as means + S.E.M. &n = 5-6 per group). Mean values were significantly different between the groups: "HFG

£i3

vs. HFD, "p < 0.05, "'p < 0.01; “HFABX vs. HFD, *p < 0.05, **p < 0.001.

istein intervention on insulin sensitivity under the state of
metabolic disturbance. Significantly decreased insulin levels
(p < 0.05) and smaller HOMA-IR index (p < 0.01) were observed
in the HFG group compared with that in the HFD group.
Although the differences in glucose metabolism were promi-
nent, there were no differences in the serum lipid profiles
among the three groups (Table 2).

Genistein enhances the activation of brown adipose tissue in
obesity mice

To further clarify whether genistein could activate the brown-
ing program in adipose tissue and whether microbiota
depletion could prevent this process in obese mice, we exam-
ined the expression of brown adipocyte-specific genes in SAT
and BAT. Although we did not observe differential expression
of WAT browning markers in SAT among the three groups (ESI
Fig. 31), the relative expression of UCP1 and PGC1a were drasti-
cally increased in BAT of the HFG group compared with the
other two groups (Fig. 4G-H). Thus, from these results, it was
possible to assume that genistein was able to activate the ther-
mogenic function of BAT, whereas gut microbiota depletion by
ABX prevented it from exerting the metabolic protective effect.

Gut microbiota is required for genistein-induced glucose
improvement in obesity mice

Given that gut microbiota mediated the protective effect of
genistein on glucose metabolism in lean mice, we further
assessed the influence of genistein supplementation on gut
microbiota in mice fed a high-fat diet. 331 shared OTUs, 4
unique OTUs in the HFD-fed mice, 8 unique OTUs in the HFG-
fed mice, and 3 unique OTUs in the HFG-fed mice combined
with ABX administration are shown in the Venn diagram
(Fig. 5A). Alpha diversity analysis showed that there were
obvious differences in the community richness and diversity
among the three groups. Specifically, the Simpson and
Shannon indexes were significantly higher in the HFG group
compared with the HFD group, while ABX exposure tremen-
dously depleted commensal microflora (Fig. 5B-E). On the

This journal is © The Royal Society of Chemistry 2022

basis of PCoA analysis, we found that genistein intervention
induced distinct separation between the HFG and HFD
groups, and the ABX-treated groups were quite distant from
the other two groups (Fig. 5F). Besides, this result was sup-
ported by ANOSIM analysis (R* = 0.753, p = 0.001). Consistent
with the composition of microbiota in lean mice, Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria were also the
most abundant species at the phylum level in obesity mice
(Fig. 4G). In particular, the relative abundance of Firmicutes (p
< 0.05) was significantly increased in mice after genistein sup-
plementation compared with those in the HFD group. The
shift from Firmicutes and Bacteroidetes to Proteobacteria was
still noticed in the HFABX group (Fig. 6A-C). Top 10 genera are
listed in Fig. 4H and markedly different species from the
phylum level to the genus level among the three groups were
concluded in Fig. 41I. In comparison with the HFD group,
Ruminiclostridium (p < 0.05), Rikenella (p < 0.05),
Clostridium_sensu_stricto_1 (p < 0.05), and Roseburia (p <
0.0001) were significantly enriched in the HFG group at the
genus level. Notably, the relative abundance of these potential
probiotics were eliminated by ABX treatment (Fig. 6D-G).

Correlation analyses between gut microbiota and
thermogenesis indicators in BAT as well as glucose tolerance
in obesity mice

Finally, to investigate the relationship between gut microbiota,
BAT activation and glucose metabolism, we performed the cor-
relation analysis between the relative abundance of altered
germs at the genus level, the relative expression level of BAT
thermogenesis indicators and the AUC of IPGTTs. As shown in
Fig. 6H, the elevated expression of PGC1a in BAT was positively
related to the significantly enriched genus Ruminiclostridium
in the HFG group. The relative abundances of
Ruminiclostridium, Rikenella, Clostridium_sensu_stricto_1 and
Roseburia, which were elevated by 10 weeks of genistein
gavage, were all positively correlated with upregulated UCP1
expression of BAT and negatively correlated with the AUC of
IPGTTs.
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Discussion

The prevalence of T2DM has been increasing dramatically
worldwide, but current treatment strategies seem to be insuffi-
cient to halt the rapid progression of this epidemic. In recent
years, bioactive dietary compounds have been developed into a
topical issue in metabolism field. An increasing number of
studies have suggested that genistein, a soy-derived bioactive
isoflavone with estrogenic properties, has diverse favorable
bioactivities, including anti-inflammatory, anti-diabetic, and
hypolipidemic effects.’*'*'®'® Qur previous reports have

This journal is © The Royal Society of Chemistry 2022
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investigated that the alterations in the gut microbiota might
contribute to the profits of genistein on glucolipid metabolic
amelioration.?**> However, the causality between gut micro-
biota and the metabolic protective effect of genistein is
unknown yet. In the current research, we discovered that genis-
tein gavage significantly improved glucose metabolism and
promoted adipose tissue browning in mice fed with a normal
control diet or high-fat diet, whereas the benefit was abolished
by ABX treatment. These findings illustrated that gut micro-
biota is essential for the beneficial effects of genistein on
metabolic homeostasis.

Indeed, 16s rRNA sequencing revealed that the genus
Blautia, genus Ruminiclostridium_5 and genus
Ruminiclostridium_9 were markedly enriched in the cecal con-
tents of the genistein intervention group compared with that
in the normal control diet group. According to previous
reports, Blautia species showed effective utilization of carbo-
hydrates such as fiber and starch.>’ The main final products of
glucose fermentation by Blautia is acetic acid, which may
inhibit insulin signaling and fat accumulation in adipocytes
through activating the G protein-coupled receptors GPR41 and
GPR43, thereby promoting the metabolism of unbound lipids
and glucose in other tissues and thus maintaining glucose
homeostasis and alleviating obesity-related ~ diseases.>?
Corresponding to these characteristics, the abundance of
Blautia was negatively related to visceral fat accumulation,
body weight, the levels of fasting plasma glucose and hemo-
globin A1C (HbA1c) in individuals with overweight/obesity or
diabetes.>® Moreover, another study found that berberine and
metformin attenuated metabolic disturbance in high-fat diet-
induced obesity rats, increasing the abundance of Blautia.”*
Ruminiclostridium_5 and Ruminiclostridium_9 are two members
from the Ruminococcaceae family and were also implicated in
the positive health states. More specifically, high-fat diet con-
sumption in a rat model decreased the relative abundance of
Ruminiclostridium_5, whereas a prebiotic diet recovered it.>*
Song et al.>® and Xiao et al.”” respectively expounded that fruit
extract (Vaccinium bracteatum Thunb.) and Chinese herbs
(Scutellariae Radix and Coptidis Rhizoma) ameliorated glyco-
lipid metabolism in obese mice and T2DM rats, accompanied
by an increase in the number of Ruminiclostridium_9. As short
chain fatty acid (SCFA) producers, Ruminiclostridium_ 5 and
Ruminiclostridium_9 were associated with the release of inflam-
matory and cytotoxic factors from the gut for maintenance of a
stable intestinal microecology.*®>® More interestingly, corre-
lation analysis showed that these three bacterial genera were
correlated with advanced glucose tolerance in the CG group
compared to the CD group, whereas ABX administration coun-
teracted these alterations. Thus, the genera Blautia,
Ruminiclostridium_5 and Ruminiclostridium 9 might play
crucial roles in the improved glucose metabolism by genistein.

When a high-fat diet, considered to be a metabolic stressor,
was administered to mice, our results showed that the relative
abundance of the genus Ruminiclostridium, genus Rikenella,
genus Clostridium_sensu_stricto_1, and genus Roseburia were
significantly decreased, which were negatively correlated with
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Fig. 6 Relative abundance of bacterial taxa at different taxonomic levels and the correlation analysis between these dramatically altered genera and
the relative expression of thermogenesis indicators in BAT as well as glucose tolerance in obesity mice. (A) Phylum Bacteroidetes; (B) phylum
Firmicutes; (C) phylum Proteobacteria; (D) genus Ruminiclostridium; (E) genus Roseburia; (F) genus Rikenella; (G) genus Clostridium_sensu_stricto_1;
(H) heatmap of spearman correlation analysis. HFD, high-fat diet with a vehicle; HFG, high-fat diet with genistein; HFABX, high-fat diet with genistein
and antibiotic cocktail. AUC, area under the curve of IPGTTs; UCP1, uncoupling protein 1; PGCla, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha. The statistics were analyzed by MetaStat or spearman correlation analysis (n = 5-6 per group). Differences with P < 0.05

were considered to be significant. p < 0.05, “p < 0.01, “p < 0.0001.

the AUC of IPGTTs. Similarly, a substantial body of literature lation of anti-inflammatory cytokines (such as IL-10 and IL-22)
has reported that Roseburia is negatively associated with known to restore insulin sensitivity and improve glucose

T2DM.®® The demonstrated mechanisms include the stimu- metabolism®®> and the inhibition of pro-inflammatory cyto-
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kines (for instance, IL-17) that promote inflammation.®***
Meanwhile, Roseburia is a butyrate producing bacterium and
butyrate is also known to possess anti-inflammatory property,
reduce gut permeability and sustain epithelial integrity.*>°® In
addition, both Ruminiclostridium
Clostridium_sensu_stricto_1 were also confirmed to be butyrate
producers®”®® and their reduced abundance has been linked
to hypertriglyceridemia of human cohorts’®”! and rodent
models.”” In contrast, an improvement of glucose metabolism
by almonds,” uridine,”* casein glycomacropeptide hydroly-
sate,”® phosphatidylcholines,”® green alga Ulva lactuca polysac-
charide,”” geraniin,”® tea water extracts,”® traditional Chinese
medicines Scutellariae radix and coptidis rhizoma®” were all
positively correlated with the abundance of these bacterial
genera. Although the exact function of Rikenella is still unclear,
Cai et al.®° found that Rikenella was involved in the action of
resveratrol in ameliorating the progression of DM. Moreover,
our previous studies have proved that maternal dietary genis-
tein negates the harmful effects of maternal high-fat diet on
glucose and lipid metabolism in both male and female
offspring accompanied by the enrichment of Rikenella.*** In
this study, we found that the supplementation of genistein
subsequently increased the levels of Ruminiclostridium,
Rikenella, Clostridium_sensu_stricto_1 and Roseburia, whereas
the beneficial effect was abolished in ABX mice, suggesting
that these altered microbiota were required in genistein-
mediated glucose metabolic benefits.

It has long been known that WAT and BAT are two types of
adipose tissue identified in mammals, the former is respon-
sible for energy storage via the synthesis and accumulation of
triglycerides, while the latter functions in thermogenesis gen-
erating heat through the combustion of nutrients that is
uncoupled from ATP production by UCP1.®“** The newest
addition, beige adipose tissue, is scattered within the areas of
WAT and could be recruitable to exhibit increased thermogenic
abilities and similar features to brown adipocytes upon stimu-
lus, such as -3 adrenergic receptor agonists and cold
stimulation.®*"® Therefore, the promotion of energy expendi-
ture by inducing white adipocyte browning presents a promis-
ing avenue for ameliorating metabolic health. In accordance
with this notion, the present study evidenced that genistein-
treated mice exhibited higher level of browning markers UCP1
and PGCIa in inguinal SAT compared with that in normal
control diet-fed mice. Moreover, an increasing number of
studies have reported that active depots of BAT®® and obesity
in adult humans may be caused by impaired BAT activity.®”
Thus, the activation of the thermogenic program in brown adi-
pocytes might serve as a novel strategy for increasing energy
dissipation during the treatment of obesity. Our results indi-
cated that a high-fat diet dramatically lowered the mRNA
expression of BAT thermogenesis specific genes UCP1 and
PGC1a, which were enhanced by genistein treatment.

The identification of novel endogenous mechanisms to
promote BAT activity or WAT browning has pointed at gut micro-
biota as an important modulator of host metabolic homeostasis
and energy balance.®® The absence of gut microbiota, via anti-

and
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biotic treatment or in the germ-free model, impaired the adap-
tive thermogenic capacity of BAT and WAT.>” The potential role
that gut microbiota played in the adipose tissue browning
process was also confirmed in the present study. It is note-
worthy that these browning markers in WAT and thermogenesis
indicators of BAT were all significantly related with enriched
beneficial bacteria in mice of genistein administered groups.
Moreover, antibiotic administration abolished these positive
genistein-induced effects. This may be a novel mechanism to
decipher the effects of genistein on gut microbiota composition
and the adipose tissue browning program.

Nevertheless, there are still several limitations in our
research. Firstly, future studies are needed to examine and elu-
cidate potential sex-dependent mechanisms of action since
only female mice were analyzed in this study. Secondly, we
found that the SCFA-producing bacteria might be the critical
contributor to metabolic benefits of genistein administration,
and the molecular mechanism underlying the role of SCFAs
mediating metabolic improvement remains unclear of yet.
Furthermore, the gut microbiota composition is complex, and
even multiple combinations of antibiotics are unable to
deplete the gut microbiota completely. It is possible that the
imbalance of gut microbiota could influence host metabolic
health. Thus, the isolation of specific probiotic species
requires further exploration, and the role of ABX treatment
alone is worth to be studied. Lastly, although we found that
the thermogenesis program was activated by genistein at the
molecular level, this study lacked phenotypic data of energy
expenditure. More work focused on this is needed in future
work, for example, by analyzing mice body composition, asses-
sing energy expenditure and physical activity.

In conclusion, the present research suggested that 10-week
genistein intervention not only improved the glucose metab-
olism and enhanced adipose tissue browning in mice with a
normal control diet, but also compensated for the detrimental
effects of a high-fat diet in their obese counterparts. Markedly
enriched SCFA-producing bacteria and reduced unfavorable
species were responsible for the metabolic benefits of genis-
tein gavage. To the best of our knowledge, this is the first work
to reveal the causality between gut microbiota modulation and
metabolic benefits and adipose tissue browning of genistein
supplementation in mice with or without metabolic disturb-
ance. All in all, we provide a new insight into the microbiota-
adipose tissue and metabolic homeostasis axis and offer a
novel therapeutic strategy of metabolic disorders involving the
modulation of gut microbiota.
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