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Obesity and related metabolic disorders are associated with intestinal microbiota
dysbiosis, disrupted intestinal barrier and chronic inflammation. Shen-Yan-Fang-Shuai
formula (SYFSF) is a traditional Chinese herbal formula composed of Astragali Radix,
Radix Angelicae Sinensis, Rheum Officinale Baill, and four other herbs. In this study,
we identified that SYFSF treatment prevented weight gain, low-grade inflammation and
insulin resistance in high-fat diet (HFD)-fed mice. SYFSF also substantially improved
gut barrier function, reduced metabolic endotoxemia, as well as systemic inflammation.
Sequencing of 16S rRNA genes obtained from fecal samples demonstrated that SYFSF
attenuated HFD-induced gut dysbiosis, seen an decreased Firmicutes to Bacteroidetes
ratios. Microbial richness and diversity were also higher in the SYFSF-treated HFD
group. Furthermore, similar therapeutic effects and changes in gut microbiota profile
caused by SYFSF could be replicated by fecal microbiota transfer (FMT). Taken together,
our study highlights the efficacy of SYFSF in preventing obesity and related metabolic
disorders. Its therapeutic effect is associated with the modulation of gut microbiota, as
a prebiotic.

Keywords: gut microbiota, obesity, prebiotic, Shen-Yan-Fang-Shuai formula, fecal microbiota transfer

INTRODUCTION

Obesity and related metabolic disorders have become a major global health issue (Morgen and
Sorensen, 2014; Arroyo-Johnson and Mincey, 2016; Chooi et al., 2019). There is a wealth of data
suggesting that excess body weight and obesity lead to numerous metabolic complications of
chronic inflammatory etiology, such as type 2 diabetes, cardiovascular diseases, and non-alcoholic

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; FMT, fecal microbiota transfer; GTT,
glucose tolerance test; HDL-C, high-density lipoprotein-cholesterol; HFD, high-fat diet; LDL-C, low-density lipoprotein-
cholesterol; LPS, lipopolysaccharides; NAFLD, non-alcoholic fatty liver disease; SYFSF, Shen-Yan-Fang-Shuai formula; RC,
regular chow; OTU, operational taxonomic unit; PCA, principal component analysis; qPCR, quantitative polymerase chain
reaction; TC, total cholesterol; TG, triglycerides; TNF-α, tumor necrosis factor.
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fatty liver disease (NAFLD) (Fan et al., 2017; Verma and Hussain,
2017; Koliaki et al., 2019). In this context, it is imperative
to discover effective medical therapies to combat the current
obesity epidemic. Traditional Chinese medicine (TCM) is widely
used for obesity, diabetes and other metabolic diseases in
China. The previous study showed that Shen-Yan-Fang-Shuai
formula (SYFSF), composing of Astragali radix, Radix angelicae
sinensis, Rheum officinale Baill and four other herbs reduced
levels of blood glucose, triglyceride, cholesterol and exhibited
anti-inflammatory effects in diabetic mice (Lv et al., 2017).
However, it is unknown whether SYFSF is effective for obesity-
related disorders.

Recently, there is a growing focus on gut microbiota for
the treatment of obesity and its associated metabolic disorders
(Chen and Devaraj, 2018; Wang et al., 2018). Evidence from
animal and human models strongly supports a relationship
between gut microbiome and the development of obesity.
For instance, obese ob/ob mice display a decreased number
of Bacteroidetes with a corresponding increase in Firmicutes
compared to lean mice from the same litter (Ley et al., 2005).
Consistent with the results of animal studies, human studies
have found that obese individuals have a significantly greater
ratio of Firmicutes-to-Bacteroidetes ratio (F/B) than their lean
counterparts, although these findings are still a subject of
debate (Million et al., 2013). Interestingly, transplantation of
gut microbiota isolated from high-fat diet (HFD)-induced obese
donor mice into germ-free recipient mice resulted in significant
weight gain and metabolic syndrome, which suggesting that
changes in gut microbiota occur before the development of
obesity (Turnbaugh et al., 2008). Conversely, obesity further
worsens the abnormalities of gut microbiota, forming a vicious
circle. Furthermore, gut dysbiosis due to obesity suppresses
the expression of tight junction proteins, leading to increased
intestinal permeability and the translocation of Gram-negative
bacteria-derived lipopolysaccharide (LPS) into the blood (Cani
et al., 2009). High levels of circulating LPS stimulates Toll-like
receptor 4 (TLR4) signaling in various cells (Shi et al., 2006) and
leads to metabolic inflammation and insulin resistance in obese
mice (Saito et al., 2007). In particular, gut microbiota may provide
LPS and other potential harmful molecules to the liver through
the gut-liver axis, contributing to establish a chronic low-grade
inflammation state and, promoting the NAFLD progression and
metabolic syndrome. Thus, modulation of gut dysbiosis by drug
or nutritional intervention is a crucial and potential therapeutic
target for obesity and its related metabolic disorders (Anhe
et al., 2018). Prebiotics are non-digestible food ingredients, which
reduce body weight and exert anti-inflammatory effects mainly
by enhancing the growth of specific beneficial bacteria found in
the gut. Prebiotics not only alter the intestinal microbiota but also
improve intestinal permeability and decrease blood endotoxemia
caused by LPS. Prebiotics may, therefore, protect against obesity-
induced inflammation in animals and clinical study (Genta et al.,
2009; Chang et al., 2015; Edrisi et al., 2018; Cerdo et al., 2019;
Zeng et al., 2020).

This study aims to investigate whether SYFSY treatment could
modulate the composition of intestinal microbiota and thereby
alleviate HFD-induced obesity in mice. We also discuss the

potential link between the regulation of the intestinal microbiota
and the metabolic benefits of SYFSY treatment, which may
contribute to an understanding of the potential mechanisms of
SYFSY in the prevention and/or treatment of metabolic diseases.

MATERIALS AND METHODS

Herbal Constituents and Extraction
Shen-Yan-Fang-Shuai formula was extracted from seven herbs,
namely Astragali Radix (Huang Qi), Rheum Officinale Baill (Da
Huang), Radix Angelicae Sinensis (Dang Gui), Sargassum (Hai
Zao), Carapax Trionycis (Bie Jia), Concha Ostreae (Mu Li),
and Radix Rehmanniae Preparata (Shu Di). The herbs were
boiled to obtain a decoction and the final concentration was
extracted into 1 g/ml. The herbs were bought from Tongrentang
Company, a reputable pharmaceutical company in China known
for its rigorous quality-control. Quality control and the final
extraction were performed according to established guidelines
in the Pharmacopeia of The People’s Republic of China, 2010.
The Determination of the related substances in SYFSF by ultra-
high-performance liquid chromatography-quadrupole time-of-
flight mass spectrometry (UHPLC-Q-TOF) was showed in
Supplementary Materials and Methods.

Animals and Experimental Design
Animal study procedures were approved by the Animal Studies
Committee of China-Japan Friendship Hospital (Approval No.
20180211). 24 male C57BL/6J mice aged 6 weeks (Beijing
Huafukang Bioscience Company, Beijing, China) were bred
in a controlled environment and subjected to a 12-h light-
dark cycle with free access to food and water. Mice were
adapted to the laboratory environment for 2 weeks before
conducting the experiment on a regular chow diet (RC, 10%
calories from fat, 20% calories from protein, 70% calories
from carbohydrate; Beijing Huafukang Bioscience Co., Ltd.,
H10010). At the age of 8 weeks, the mice were randomly
divided into four groups (n = 6) and fed with RC or
HFD (60% calories from fat, 20% calories from protein, 20%
calories from carbohydrate; Beijing Huafukang Bioscience Co.,
Ltd., H10060). Treatment was carried out concomitantly with
HFD feed and consisted of daily intragastric gavage SYFSF
(11.4 g/kg/d) or the vehicle (0.5% CMC-Na) for 16 weeks.
This dosage of SYFSF was determined based on a previous
study demonstrating the protective effect of SYFSF on diabetic
kidney disease (Lv et al., 2017). A schematic diagram for the
experimental timeline is shown in Figure 1A. Body weight
and food intake were measured weekly. At week 16, mice
were anesthetized in chambers saturated with isoflurane after
a 12-h starvation and sacrificed by cardiac puncture. Serum
samples were obtained and centrifugated at 3000 rpm at 4◦C
for 10 min. Organs and tissues were collected, weighed and
frozen at−80◦C.

Glucose Tolerance Test
Glucose tolerance test (GTT) was performed according to
standard protocol (Wu et al., 2011). Mice were fasted overnight
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FIGURE 1 | SYFSF prevents weight gain, insulin resistance and low-grade inflammation in HFD-fed mice. (A) A schematic diagram for the experimental timeline.
(B) Food intake. (C) Body weight. (D) Body weight gain. (E) GTT results. (F) Area under the curve. (G–L) Serum TG, TC, LDL-C, LDL-C/HDL-C, IL-1β, and TNF-α.
∗∗P < 0.01, ∗P < 0.05 vs. RC; ##P < 0.01, #P < 0.05 vs. HFD. n.s, not significant. n = 6 per group.

(16 h), and subsequently given an intraperitoneal glucose
injection (2 g/kg body weight). Blood glucose levels were then
measured at 0, 15, 30, 60, 90, and 120 min after the injection using
a Contour Glucose Meter and Contour Glucose Strips (Bayer,
Berlin, Germany).

Serologic Analysis and Serum Endotoxin
Detection
The 3100-type automatic biochemical analyzer (Hitachi,
Tokyo, Japan) were used to measure the level of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
low-density lipoprotein-cholesterol (LDL-C), high-density
lipoprotein-cholesterol (HDL-C), triglycerides (TG) and
total cholesterol (TC) levels in mouse serum samples. Serum
levels of tumor necrosis factor-α (TNF-α) and interleukin-
1β (IL-1β) were measured using ELISA kits (R&D Systems,
Minneapolis, MN, United States). Serum endotoxin was
extracted and heat-inactivated at 70◦C for 15 min before
measuring with a Limulus amebocyte lysate (LAL) kit (Cambrex
BioScience, Walkersville, MD, United States). This is in
compliance with standard protocol for endotoxin testing
(Wu et al., 2019).

Histology and TG Analyses of the Liver
Hematoxylin and eosin (H&E) staining and Oil Red O staining
were used to visualize histological morphology and lipid
deposition in liver tissue. Before each staining, liver tissue was
fixed in 4% paraformaldehyde solution for 24 h, and embedded
in paraffin. For H&E staining, 4 µm transverse sections were
cut and processed according to standard protocol (Cardiff et al.,
2014). For Oil Red O staining, 6 µm sections were cut and stained
with Oil Red O (Sigma-Aldrich, St. Louis, MO, United States)
for 20 min. All stained sections were examined using light
microscopy (×200 magnification). TG concentrations in the
livers (30 to 50 mg in weight) were extracted and determined
using a commercial kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Quantitative Polymerase Chain Reaction
(qPCR)
Total RNA extraction, reverse transcription, and quantitative
polymerase chain reaction (qPCR) were performed according
to standard protocol (Wu et al., 2011). In brief, total RNA
was extracted from the tissue using TRIzol reagent (Invitrogen,
Carlsbad, CA, United States). One microgram of RNA was
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reverse transcribed to cDNA by using SuperScript III First-Strand
Synthesis System (Invitrogen, Carlsbad, CA, United States) and
amplified by 40 cycles using primers listed in Supplementary
Table 1, and the SYBR Green PCR Master mix reagent (Applied
Biosystems, Foster City, CA, United States). 2−11Ct method was
applied to determinate relative changes in gene expression levels.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
was used to normalize quantitative gene expression data.

Intestinal Permeability
We quantified intestinal permeability using a FITC-dextran
tracer (Sigma, St. Louis, MO, United States). 4 h before blood
sample collection, mice were given a 0.5 ml FITC-dextran tracer
(4 kDa, 0.4 mg/g body weight) by oral gavage. Mice were then
euthanized and blood samples were collected. Samples were
left for 30 min to induce coagulation before centrifugation at
6000 rpm for 90 s. FITC-dextran concentration was measured at
the excitation wavelength of 488 nm and the emission wavelength
of 520 nm (Ma et al., 2018).

16S rRNA Gene Sequencing
Fecal samples were randomly selected from each group and
collected with a bacterial gDNA Stool Mini Kit (Qiagen, Hilden,
Germany). DNA quality assessment was conducted on 1%
agarose gel electrophoresis. We used the V3-V4 hypervariable
region of 16S rRNA genes as a universal primer (forward
338F: 5′-ACTCCTACGGGAGGCAGCAG-3′; reverse 806R: 5′-
GACTACHVGGGTWTCTAAT-3′) to amplify DNA sequences,
and generated sequencing libraries using TruSeq DNA PCR-free
sample preparation kit. After assessing for quality, the libraries
were sequenced on an Illumina Miseq platform with 300 bp
paired-end reads (Shanghai Majorbio Bio-pharm Technology,
Shanghai, China). The sequencing data were submitted to the
National Center of Biotechnology Information Sequence Read
Archive Database1 with the accession no. PRJNA609459.

The paired-end reads were merged using Fast Length
Adjustment of SHort reads (FLASH) software. Poor quality
reads were filtered using Trimmomatic software and chimera
sequences were removed using the UCHIME algorithm to obtain
effective reads. The sequences were aligned into the Silva database
of bacterial 16S rRNA genes2 at a 70% confidence level using
search software. The operational taxonomic units (OTUs) were
identified as 1 cluster at the 97% similarity level. Subsequently,
the rarefaction curve analysis was presented using Mothur
software. Chao1 and Shannon index were used to quantify and
compare microbial species richness and alpha diversity. Principal
component analysis (PCA) was performed using QIIME3 to
compare beta diversity. Bacterial taxa within different groups
were arranged based on their relative abundance (false discovery
rate <0.05). Inner to outer rings were organized according to
phylum, class, order, family and genus. All data were analyzed on
the free online platform Majorbio Cloud Platform4.

1http://www.ncbi.nlm.nih.gov/sra
2www.arb-silva-silva.de/
3http:qiime.org/
4www.i-sanger.com

Fecal Microbiota Transfer
Fecal microbiota transfer (FMT) was performed according to
the protocol by Chang et al. (Chang et al., 2015) with the
following modifications. Briefly, donor mice (n = 6) were selected
from either HFD group or SYFSF-treated HFD group. After
4 weeks of SYFSF administration, we collected feces from donor
mice for 12 weeks consecutively under a laminar flow hood to
ensure sterility. 100 mg of fecal material was resuspended into
1 ml of sterile saline and stirred thoroughly. We centrifuged the
suspension at 1,200 rpm for 2 min and collected the supernatant
for use as transplant material. Fresh transplant material was
prepared daily. 8-week-old C57BL/6J male recipient mice (n = 6)
were fed HFD for 4 weeks and subsequently inoculated with fresh
transplant material (100 µl for each mouse) either from the HFD
group or SYFSF-treated HFD group by oral gavage for 12 weeks
consecutively before euthanization. A schematic diagram for the
experimental timeline is shown in Figure 4A. Horizontal fecal
transfer from vehicle–treated HFD mice is referred to as HFD
receivers. Horizontal fecal transfer from SYFSF-treated mice is
referred to as SYFSF receivers.

Statistical Analysis
Statistical analysis was performed using Prism software (V.8.0;
GraphPad Software, La Jolla, CA, United States). Values are
presented as means ± standard error (SEM). Comparison of
data sets between two groups was performed using a two-
tailed unpaired t-test. Comparison of data sets between multiple
groups was performed using ANOVA. P < 0.05 was considered
statistically significant.

RESULTS

SYFSF Prevented Obesity and Regulated
Glucose Metabolism in HFD-Fed Mice
Here, a total of 21 substances were identified from SYFSF
by UHPLC-Q-TOF. Calycosin-7-O-glucoside, Ferulic acid,
Senkyunolide I, Ononin, Ginsenoside Rd, Ginsenoside Rg1,
Formononetin, Ligustilide, Astragaloside II, Levistilide A and
other 11 substances were the main constitutes in SYFSF
(Supplementary Figure 1). To evaluate the effect of SYFSF
on body weight, mice fed with HFD were treated with
11.4 g/kg/d of SYFSF or vehicle by gavage for 16 weeks
(Figure 1A). The amount of food intake was standardized
throughout in all groups (Figure 1B). HFD-fed mice had a
20.79% higher body weight as compared to the RC-fed group
(Figures 1C,D). After the administration of either SYFSF as
treatment or vehicle as control, SYFSF-treated HFD-fed mice
had a 10.52% lower body weight compared to the HFD-fed mice
(Figures 1C,D). GTT revealed glucose intolerance in HFD-fed
mice, which were reversed by SYFSF (Figures 1E,F). However,
these effects were not seen in RC-fed mice. These data show
that the SYFSF administration alleviates HFD-induced obesity
and insulin resistance, and the effects are not due to reduced
food consumption.
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SYFSF Alleviated Hyperlipidemia and
Systemic Inflammation in HFD-Fed Mice
Next, we assessed the effects of SYFSF on lipid metabolism by
measuring lipid parameters. In HFD-fed mice, 16-week treatment
of SYFSF significantly decreased the concentrations of serum TG,
LDL-C and HDL-C as compared to the HFD group (Figures 1G–
J). We also measured serum concentrations of TNF-α and IL-
1β as obesity is highly associated with systemic inflammation.
We found lower serum concentrations of TNF-α and IL-1β in
SYFSF-treated HFD-fed mice compared to the HFD-fed mice
(Figures 1K,L). Together, these results indicate that SYFSF
treatment protects mice from HFD-induced hyperlipidemia and
systemic inflammation.

SYFSF Reduced HFD-Induced Fat
Accumulation in Liver and Adipose
Tissue
As shown in Figure 2A, treatment of SYFSF significantly
decreased liver index as compared to the HFD group. Liver
steatosis and damage induced by HFD were also significantly
ameliorated through SYFSF administration, as indicated by
decreased hepatic triglyceride content (Figure 2B), and a
reduction in plasma AST and ALT concentration (Figure 2C).
These results were further supported by H&E and Oil Red
O staining (Figures 2D–F). Meanwhile, Epi-WAT weight were
markedly reduced in SYFSF-treated HFD-fed mice (Figures 2G–
I). Together, these findings indicate that SYFSF treatment can
prevent fat accumulation in the liver and adipose tissue of
mice fed with HFD.

SYFSF Improved Gut Barrier Function
and Reduced Metabolic Endotoxemia
Previous studies showed that HFD reduced the expression of
intestinal tight junction proteins (e.g., ZO-1), hence destroying
intestinal barrier integrity and causing transmigration
of bacterial LPS into the bloodstream (i.e., metabolic
endotoxemia), inflammation and insulin resistance (Cani
et al., 2009; Hersoug et al., 2016). We observed that
SYFSF treatment significantly reduced serum levels of
LPS in HFD-fed mice (Figure 2J). In addition, HFD-
fed mice had a decrease in the expression of tight
junction protein ZO-1 in the colon and an increase in
FITC-dextran levels, which implies increased intestinal
permeability and impaired gut barrier function. These
observations were significantly attenuated in the SYFSF-
treated group (Figures 2K,L). These results show that
SYFSF can improve intestinal epithelium integrity and reduce
metabolic endotoxemia.

SYFSF Modified Gut Dysbiosis in
HFD-Fed Mice
To explore the mechanism of SYFSF’s beneficial effects on
obesity, we examined the regulation effect of SYFSF on
gut microbiota by sequencing the bacterial 16S rRNA V3–
V4 region in mouse feces. An average of 95,592 raw reads

was generated from each sample (n = 5). Low-quality reads
were then filtered, leaving with 92,088 clean tags for analysis
and subsequent clustering into OTUs. The number of OTUs
in the SYFSF-treated HFD group is significantly higher as
compared to that of the HFD group (Figure 3A). Mice
in the SYFSF-treated HFD group had significantly greater
microbial richness and higher diversity than the HFD group,
as evidenced by the higher Chao1 and Shannon indices
(Figures 3B,C). Beta diversity of intestinal microbiota was
evaluated using uniFrac distance-based PCA. SYFSF-treated
HFD-fed mice exhibited a distinctly different composition
of microbiota compared to that of HFD-fed mice, while
the SYFSF-treated RC-fed mice exhibited similar structure
to that of RC-fed mice (Supplementary Figures 2, 3).
Overall microbial compositions in different groups were
further analyzed. As presented in Figures 3D,E, phylum level
analysis showed that HFD feeding resulted in a significant
reduction in the relative abundance of Bacteroidetes and a
significant increase in that of Firmicutes. Interestingly, there
was a significant increase and decrease in abundance of
these 2 phyla, respectively after treatment with SYFSF as
compared to the untreated group. Further analysis at the order
level revealed that HFD-fed mice had a higher abundance
of Lactobacillales and a lower abundance of Bacteroidales
(Figure 3F). Treatment with SYFSF reversed these alterations
(P < 0.05 as showed in Bacteroidales expression). Similarly,
abundance of Lactobacillus and Bacteroides were decreased
and increased, respectively after treatment with SYFSF at the
genus level (Figure 3G). Next, we used LEfSe analysis to
explore biomarkers presented as taxons in different groups
(Figures 3H,I). Compared with the HFD group, SYFSF treatment
significantly increased the proportion of Bilophila, Tyzzerella,
and Bacteroides and decreased the proportions of Streptococcus
and Lachnospiraceae_NK4A136_group (Figure 3J), indicating
they would be important targets of SYFSF treatment. Taken
together, these data indicate that SYFSF treatment regulates gut
microbiota dysbiosis.

The Gut Microbiota Was Pivotal in
Explaining the Therapeutic Effects of
SYFSF
There is increasing evidence from animal studies that cross-
transfer of intestinal microbiota is an effective means of
curbing obesity (Lee et al., 2019). Hence, we performed
FMT to determine whether SYFSF exerted its therapeutic
effects by modulating gut microbiota. Mice were fed with
HFD, and inoculated with fecal transplants either from the
SYFSF-treated HFD group (denoted as SYFSF receivers)
or from the HFD group (denoted as HFD receivers). Food
intake was consistent in both groups (Figure 4D). As shown
in Figures 4B,C, SYFSF receivers had a 9.82% decrease
in body weight. Intrahepatic TG content in the SYFSF
receivers decreased by 24.35% (Figure 4E). Inflammation
and steatosis also significantly decreased in the SYFSF
receivers as compared to HFD receivers (Figures 4F,G
and Supplementary Figure 4). Insulin resistance was also
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FIGURE 2 | SYFSF prevents fat accumulation in the liver and adipose tissue, and improved gut barrier function. (A) Liver index. (B) Liver TG. (C) Serum ASL and
ALT. (D) HE staining and Oil Red O staining of sections from the liver. (E) NAFLD activity score. (F) Oil Red O staining. (G) Epi-WAT weight. (H) HE staining of
sections from Epi-WAT. (I) Epi-WAT cell diameter. (J) Serum endotoxin. (K) Intestinal permeability. (L) Expression of ZO-1 in proximal colon. ∗∗P < 0.01 vs. RC;
##P < 0.01, #P < 0.05 vs. HFD. n = 6 per group. Bar = 100 µm.
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FIGURE 3 | Gut microbiota in response to fecal microbiota transfer (n = 5). (A) OTU numbers analysis. (B) Chao1 index in a-diversity analysis. (C) Shannon index in
a-diversity analysis. (D,E) Microbiota compositions at the phylum level. (F) Microbiota compositions at the order level. (G) Microbiota compositions at the genus
level. (H) Biomarker taxons generated from LEfSe analysis. (I) Cladogram obtained from LEfSe analysis with presenting various levels (phylum, class, order, family,
genus) from inner to outer rings. (J) Taxon composition with the top 5 typical bacteria on the genus level (P < 0.05, determined by Wilcoxon rank-sum test). Data are
presented as means ± SEM. Differences were assessed by ANOVA. ∗P < 0.05, ∗∗P < 0.01.
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FIGURE 4 | Obesity-associated metabolic syndrome is reversed by feces transfer from SYFSF-treated mice to HFD-fed mice. (A) A schematic diagram for the
experimental timeline. Horizontal fecal transfer from vehicle–treated HFD mice is referred to as HFD receivers. Horizontal fecal transfer from SYFSF-treated mice is
referred to as SYFSF receivers. (B) Body weight. (C) Body weight gain. (D) Food intake. (E) Liver TG. (F) Liver lipid accumulation was assessed by Oil Red O
staining. (G) NAFLD activity score. (H) HOMA-IR index was calculated according to the formula: fasting insulin (mU/L) × fasting glucose (nmol/L)/22.5. ∗∗P < 0.01,
∗P < 0.05 vs. HFD receivers. n = 6 per group.

FIGURE 5 | FMT alleviates lipid dysregulation and improves gut barrier function in HFD-fed mice. (A–D) Serum ASL, ALT, TG, TC, endotoxin, IL-1β, and TNF-α.
(E) Intestinal permeability. (F) Expression of ZO-1 in proximal colon. ∗∗P < 0.01, ∗P < 0.05 vs. HFD receivers. n = 6 per group.
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alleviated in SYFSF receivers (Figure 4H). These mice also had
improvements in terms of lipid metabolism, liver function,
metabolic endotoxemia and inflammation, as evidenced by
the decrease in levels of serum ALT, AST, TG, TC, LPS, IL-1β,
and TNF-α (Figures 5A–D). In addition, compared with the
HFD receivers, SYFSF receivers showed improved permeability
(Figures 5E,F). In summary, these data indicate that the
beneficial effects of SYFSF on HFD-induced obesity can be
replicated through FMT, suggesting the possible role of SYFSF in
regulating gut microbiota.

SYFSF Fecal Microbiota Transfer
Modulated the Composition of Intestinal
Microbiota in HFD-Fed Mice
To obtain stronger evidence, we elucidated the gut microbiome
profile of FMT recipient mice by sequencing the bacterial
16S rRNA V3 - V4 region. An average of 124,361 raw
reads were generated from each sample (n = 6). Low-
quality reads were filtered, leaving with 120,828 clean tags for
analysis and clustering into OTUs. As shown in Figure 6,
the overall microbial composition differed at the phylum,
order, and genus levels between the SYFSF receivers and
HFD receivers. The number of OTUs in SYFSF receivers
was higher than that in HFD receivers, but no significant
difference was observed. This result is consistent with that of
the SYFSF-treated HFD group and HFD group (Figure 6A).
SYFSF receivers also exhibited higher species richness, as
evidenced by the increased Chao 1 index. However, there
was no significant difference in diversity, when we compared
the Shannon index (Figures 6B,C). There was a significant
difference in the intestinal microbiota composition of both
groups upon comparison using the uniFrac distance-based
PCA method (Supplementary Figure 5). At the phylum
level, the relative abundance of Firmicutes was significantly
elevated in the HFD receivers while that of Bacteroidetes
was significantly reduced. This phenomenon was reversed
in SYFSF receivers (Figure 6D). At the order level, the
relative abundance of Lactobacillales was significantly increased
in HFD receivers, while that of Bacteroidales significantly
decreased. These observations were similarly reversed in
SYFSF receivers (Figure 6E). A similar trend was observed
for Lactobacillus and Bacteroides at the genus level, but
the difference was not statistically significant (Figure 6F).
Collectively, these results suggest the efficacy of SYFSF in
modulating gut microbiota.

DISCUSSION

Obesity is emerging as one of the most health-threatening
disease in the world (Ford et al., 2010). Hence, there is an
urgent need for the development of effective and safe therapeutic
agents. Our previous study has shown that, in addition to
renal protection, SYFSF was also effective in lowering serum
cholesterol, triglyceride and glucose levels (Lv et al., 2017).
Leveraging on these results, we speculate that SYFSF may have
the effect of reducing obesity.

In our obese mouse model, SYFSF administration significantly
decreased body weight. In addition, HFD-fed mice exhibited
markedly increased serum levels of TG, TC and glucose
intolerance, whereas SYFSF administration exerted a protective
effect and counteracted the increased insulin resistance in obese
mice. Insulin resistance and abnormalities in lipid metabolism
expedite fatty acid synthesis and intrahepatic lipid accumulation,
and when accompanied by oxidative stress-mediated lipotoxicity
and higher expression of proinflammatory cytokines, cause
NAFLD (Takaki et al., 2013; Pisonero-Vaquero et al., 2015;
Buzzetti et al., 2016). In this study, liver tissue histopathology of
HFD-fed mice revealed significant inflammation and steatosis,
while serologic tests revealed elevated levels of ALT and
AST. These were ameliorated after SYFSF administration.
Collectively, these results imply that SYFSF exhibited robust
efficacy against obesity and related metabolic disorders in HFD-
fed mice.

Emerging evidence supports the benefits of a favorable profile
of gut microbiota in weight management. Many natural products,
including plant foods and phytochemicals, have been found to
be effective in weight management by modulating gut microbiota
(Li et al., 2017; Henning et al., 2018). Since SYFSF is a mixture
of many chemical substances, from which we identified 21
substances by UHPLC-Q-TOF analysis. Many of these substances
have been reported to affect gut microbiota, including Calycosin-
7-O-glucoside (Ruan et al., 2015), Ferulic acid (Ma et al., 2019),
Ginsenoside Rd (Han et al., 2020), and Ginsenoside Rg1 (Wang
et al., 2020). We believe that the beneficial effects of SYFSF
are mostly due to remodeling of gut microbiota. This idea was
evidenced in three aspects: (1) Modulating the composition of gut
microbiota. By increasing the relative abundance of Firmicutes
and decreasing the relative abundance of Bacteroidetes, HFD
feeding often causes typical obesity-driven dysbiosis in the
intestinal microbiota (Ley et al., 2005, 2006). Our results support
this finding to some extent. We found a similar shift in the
gut microbiota of HFD-fed mice, and SYFSF administration
reversed these alterations in microbial profile from the phylum
to the genus level. (2) Improving intestinal barrier function.
Intestinal barrier integrity is vital for health and an imbalance
in the intestinal barrier integrity can disrupt the balance of
microbiota, which leads to various diseases, including intestinal
inflammatory disorders and metabolic disorders such as diabetes
and obesity (Chelakkot et al., 2018). Our data suggest that HFD
initiates metabolic changes that impaired gut barrier function, as
evidenced by the decreased expression of ZO-1 in the colon and
increased FITC-dextran levels. These damages were significantly
reversed after administering SYFSF. (3) Reducing endotoxemia.
Metabolic endotoxemia, a condition that is mainly a result
of gut microbiota dysbiosis and higher LPS concentration in
the blood, often occurs in the HFD-induced chronic low-grade
inflammation and related disorders (Lu et al., 2020). Our data
demonstrate that SYFSF decreased the HFD-induced elevated
levels of endotoxemia in mice.

However, was regulation of gut microbiota a mere
concomitant phenomenon, or a potential mechanism
through which SYFSF exerted its anti-obesity effects?
Recent studies have shown that FMT is a feasible means
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FIGURE 6 | Gut microbiota in response to fecal microbiota transfer (n = 6). (A) OTU numbers analysis. (B) Chao1 index in a-diversity analysis. (C) Shannon index in
a-diversity analysis. (D) Microbiota compositions at the phylum level. (E) Microbiota compositions at the order level. (F) Microbiota compositions at the genus level.
Data are presented as means ± SEM. Differences were assessed by ANOVA. ∗P < 0.05.

Frontiers in Microbiology | www.frontiersin.org 10 December 2020 | Volume 11 | Article 564376

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-564376 December 15, 2020 Time: 14:43 # 11

Wang et al. SYFSF Prevents Gut Dysbiosis and Obesity

of confirming the role of gut microbiota in disease pathology
(Bibbò et al., 2017; Gupta and Khanna, 2017; Wang et al.,
2019), and hence we performed this procedure to validate
if SYFSF reduced obesity by altering gut microbiota. We
separately transplanted fecal material obtained from HFD-fed
and SYFSF-treated HFD-fed donor mice to recipient mice
fed with HFD. Results showed that SYFSF receivers had
significant improvements in body weight, glucose intolerance,
and reductions in serum levels of lipid, liver enzymes and
endotoxin, implying that FMT was effective in reducing
obesity, regulating glucose and lipid metabolism as well as
improving intestinal barrier function and modulating metabolic
endotoxemia. In addition, HFD receivers and SYFSF receivers
exhibited similar gut microbiota profile (from the phylum to the
genus level) to that detected in HFD-fed and SYFSF-treated HFD-
fed mice, respectively. This confirms the role of SYFSF in gut
microbiota modulation.

Overall, our data show that consumption of SYSFS could
attenuate HFD-induced obesity, mouse metabolic disorder
parameters, low-grade systemic inflammation, insulin resistance,
and fatty liver in mice by altering the gut microbiota. Therefore,
SYFSF holds promise for preventing obesity and its related
metabolic disorders. Next step metagenomic analysis of SYFSF-
treated mouse feces for the identification of the specific
bacterial species will provide more valuable information for
the exact underlying mechanisms of SYFSF and deserves
further investigation.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/, PRJNA609459.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Studies
Committee of China-Japan Friendship Hospital.

AUTHOR CONTRIBUTIONS

ZW, JL, YGa, and RY performed the experiments, analyzed the
data, and wrote the manuscript. JZ edited the manuscript. WS,
WC, SA, ZL, and YGu contributed to the discussion. WL, YW,
and LP conceived and designed the study. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Grant Nos. 81804032, 81670758, and
81970713), Beijing Municipal Natural Science Foundation (Grant
No. 7182147), Capital’s Funds for Health Improvement and
Research (Grant No. 2018-2-4062), Fundamental Research
Funds of the Chinese Academy of Medical Sciences (Grant
No. 2018RC310023), The Open Grant Founded by the Key
Laboratory of Chinese Internal Medicine of Ministry of
Education (Beijing University of Chinese Medicine, Grant No.
2016-ZDSYSKFJJ-05), and Joint Project of BRC-BC (Biomedical
Translational Engineering Research Center of BUCT-CJFH,
Grant No. XK2020-10).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.564376/full#supplementary-material

REFERENCES
Anhe, F. F., Varin, T. V., Le Barz, M., Pilon, G., Dudonne, S., Trottier, J., et al.

(2018). Arctic berry extracts target the gut-liver axis to alleviate metabolic
endotoxaemia, insulin resistance and hepatic steatosis in diet-induced obese
mice. Diabetologia 61, 919–931. doi: 10.1007/s00125-017-4520-z

Arroyo-Johnson, C., and Mincey, K. D. (2016). Obesity Epidemiology Worldwide.
Gastroenterol. Clin. North Am. 45, 571–579. doi: 10.1016/j.gtc.2016.07.012

Bibbò, S., Ianiro, G., Gasbarrini, A., and Cammarota, G. (2017). Fecal microbiota
transplantation: past, present and future perspectives. Minerva Gastroenterol.
Dietol. 63, 420–430.

Buzzetti, E., Pinzani, M., and Tsochatzis, E. A. (2016). The multiple-hit
pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metabolism 65,
1038–1048. doi: 10.1016/j.metabol.2015.12.012

Cani, P. D., Possemiers, S., Van De Wiele, T., Guiot, Y., Everard, A., Rottier, O., et al.
(2009). Changes in gut microbiota control inflammation in obese mice through
a mechanism involving GLP-2-driven improvement of gut permeability. Gut
58, 1091–1103. doi: 10.1136/gut.2008.165886

Cardiff, R. D., Miller, C. H., and Munn, R. J. (2014). Manual hematoxylin and eosin
staining of mouse tissue sections. Cold Spring Harb. Protoc. 2014, 655–658.

Cerdo, T., Garcia-Santos, J. A. M. G. B., and Campoy, C. (2019). The Role of
Probiotics and Prebiotics in the Prevention and Treatment of Obesity. Nutrients
11:635. doi: 10.3390/nu11030635

Chang, C. J., Lin, C. S., Lu, C. C., Martel, J., Ko, Y. F., Ojcius, D. M., et al. (2015).
Ganoderma lucidum reduces obesity in mice by modulating the composition of
the gut microbiota. Nat. Commun. 6:7489.

Chelakkot, C., Ghim, J., and Ryu, S. H. (2018). Mechanisms regulating intestinal
barrier integrity and its pathological implications. Exp. Mol. Med. 50:103.

Chen, X., and Devaraj, S. (2018). Gut Microbiome in Obesity, Metabolic Syndrome,
and Diabetes. Curr. Diab. Rep. 18:129.

Chooi, Y. C., Ding, C., and Magkos, F. (2019). The epidemiology of obesity.
Metabolism 92, 6–10.

Edrisi, F., Salehi, M., Ahmadi, A., Fararoei, M., Rusta, F., and Mahmoodianfard,
S. (2018). Effects of supplementation with rice husk powder and rice bran
on inflammatory factors in overweight and obese adults following an energy-
restricted diet: a randomized controlled trial. Eur. J. Nutr. 57, 833–843. doi:
10.1007/s00394-017-1555-3

Fan, J. G., Kim, S. U., and Wong, V. W. (2017). New trends on obesity and
NAFLD in Asia. J. Hepatol. 67, 862–873. doi: 10.1016/j.jhep.2017.06.00
3

Ford, E. S., Li, C., and Zhao, G. (2010). Prevalence and correlates of metabolic
syndrome based on a harmonious definition among adults in the US. J. Diabetes
2, 180–193. doi: 10.1111/j.1753-0407.2010.00078.x

Genta, S., Cabrera, W., Habib, N., Pons, J., Carillo, I. M., Grau, A., et al. (2009).
Yacon syrup: beneficial effects on obesity and insulin resistance in humans. Clin.
Nutr. 28, 182–187. doi: 10.1016/j.clnu.2009.01.013

Frontiers in Microbiology | www.frontiersin.org 11 December 2020 | Volume 11 | Article 564376

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2020.564376/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.564376/full#supplementary-material
https://doi.org/10.1007/s00125-017-4520-z
https://doi.org/10.1016/j.gtc.2016.07.012
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1136/gut.2008.165886
https://doi.org/10.3390/nu11030635
https://doi.org/10.1007/s00394-017-1555-3
https://doi.org/10.1007/s00394-017-1555-3
https://doi.org/10.1016/j.jhep.2017.06.003
https://doi.org/10.1016/j.jhep.2017.06.003
https://doi.org/10.1111/j.1753-0407.2010.00078.x
https://doi.org/10.1016/j.clnu.2009.01.013
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-564376 December 15, 2020 Time: 14:43 # 12

Wang et al. SYFSF Prevents Gut Dysbiosis and Obesity

Gupta, A., and Khanna, S. (2017). Fecal Microbiota Transplantation. JAMA
318:102.

Han, S. K., Joo, M. K., Kim, J. K., Jeung, W., Kang, H., and Kim, D. H. (2020).
Bifidobacteria-Fermented Red Ginseng and Its Constituents Ginsenoside
Rd and Protopanaxatriol Alleviate Anxiety/Depression in Mice by the
Amelioration of Gut Dysbiosis. Nutrients 12:901. doi: 10.3390/nu12040901

Henning, S. M., Yang, J., Hsu, M., Lee, R. P., Grojean, E. M., Ly, A., et al. (2018).
Decaffeinated green and black tea polyphenols decrease weight gain and alter
microbiome populations and function in diet-induced obese mice. Eur. J. Nutr.
57, 2759–2769. doi: 10.1007/s00394-017-1542-8

Hersoug, L. G., Moller, P., and Loft, S. (2016). Gut microbiota-derived
lipopolysaccharide uptake and trafficking to adipose tissue: implications for
inflammation and obesity. Obes. Rev. 17, 297–312. doi: 10.1111/obr.12370

Koliaki, C., Liatis, S., and Kokkinos, A. (2019). Obesity and cardiovascular disease:
revisiting an old relationship. Metabolism 92, 98–107. doi: 10.1016/j.metabol.
2018.10.011

Lee, P., Yacyshyn, B. R., and Yacyshyn, M. B. (2019). Gut microbiota and obesity:
An opportunity to alter obesity through faecal microbiota transplant (FMT).
Diabetes Obes. Metab. 21, 479–490. doi: 10.1111/dom.13561

Ley, R. E., Backhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., and Gordon,
J. I. (2005). Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. U S A 102,
11070–11075.

Ley, R. E., Turnbaugh, P. J., Klein, S., and Gordon, J. I. (2006). Microbial ecology:
human gut microbes associated with obesity. Nature 444, 1022–1023.

Li, J., Riaz Rajoka, M. S., Shao, D., Jiang, C., Jin, M., Huang, Q., et al. (2017).
Strategies to increase the efficacy of using gut microbiota for the modulation
of obesity. Obes. Rev. 18, 1260–1271. doi: 10.1111/obr.12590

Lu, J. F., Zhu, M. Q., Zhang, H., Liu, H., Xia, B., Wang, Y. L., et al. (2020).
Neohesperidin attenuates obesity by altering the composition of the gut
microbiota in high-fat diet-fed mice. FASEB J. 2020:32729978

Lv, J., Wang, Z., Wang, Y., Sun, W., Zhou, J., Wang, M., et al. (2017).
Renoprotective Effect of the Shen-Yan-Fang-Shuai Formula by Inhibiting
TNF-alpha/NF-kappaB Signaling Pathway in Diabetic Rats. J. Diabetes Res.
2017:4319057.

Ma, X., Sun, Q., Sun, X., Chen, D., Wei, C., Yu, X., et al. (2018). Activation
of GABAA Receptors in Colon Epithelium Exacerbates Acute Colitis. Front.
Immunol. 9:987. doi: 10.3389/fimmu.2018.00987

Ma, Y., Chen, K., Lv, L., Wu, S., and Guo, Z. (2019). Ferulic acid ameliorates
nonalcoholic fatty liver disease and modulates the gut microbiota composition
in high-fat diet fed ApoE(-/-) mice. Biomed. Pharmacother. 113:108753. doi:
10.1016/j.biopha.2019.108753

Million, M., Lagier, J. C., Yahav, D., and Paul, M. (2013). Gut bacterial microbiota
and obesity. Clin. Microbiol. Infect. 19, 305–313.

Morgen, C. S., and Sorensen, T. I. (2014). Obesity: global trends in the prevalence
of overweight and obesity. Nat. Rev. Endocrinol. 10, 513–514.

Pisonero-Vaquero, S., Martínez-Ferreras, Á, García-Mediavilla, M. V., Martínez-
Flórez, S., Fernández, A., Benet, M., et al. (2015). Quercetin ameliorates
dysregulation of lipid metabolism genes via the PI3K/AKT pathway in a diet-
induced mouse model of nonalcoholic fatty liver disease. Mol. Nutr. Food Res.
59, 879–893. doi: 10.1002/mnfr.201400913

Ruan, J. Q., Li, S., Li, Y. P., Wu, W. J., Lee, S. M., and Yan, R. (2015).
The Presystemic Interplay between Gut Microbiota and Orally Administered
Calycosin-7-O-beta-D-Glucoside. Drug Metab. Dispos. 43, 1601–1611. doi:
10.1124/dmd.115.065094

Saito, T., Hayashida, H., and Furugen, R. (2007). Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes 56, 1761.e–1772.e.

Shi, H., Kokoeva, M. V., Inouye, K., Tzameli, I., Yin, H., and Flier, J. S. (2006). TLR4
links innate immunity and fatty acid-induced insulin resistance. J. Clin. Invest.
116, 3015–3025. doi: 10.1172/jci28898

Takaki, A., Kawai, D., and Yamamoto, K. (2013). Multiple hits, including oxidative
stress, as pathogenesis and treatment target in non-alcoholic steatohepatitis
(NASH). Int. J. Mol. Sci. 14, 20704–20728. doi: 10.3390/ijms141020704

Turnbaugh, P. J., Bäckhed, F., Fulton, L., and Gordon, J. I. (2008). Diet-induced
obesity is linked to marked but reversible alterations in the mouse distal
gut microbiome. Cell Host Microb. 3, 213–223. doi: 10.1016/j.chom.2008.02.
015

Verma, S., and Hussain, M. E. (2017). Obesity and diabetes: An update. Diabetes
Metab. Syndr. 11, 73–79.

Wang, J. W., Kuo, C. H., Kuo, F. C., Wang, Y. K., Hsu, W. H., Yu, F. J., et al.
(2019). Fecal microbiota transplantation: Review and update. J. Formos Med.
Assoc. 118(Suppl. 1), S23–S31.

Wang, L., Lu, J., Zeng, Y., Guo, Y., Wu, C., Zhao, H., et al. (2020). Improving
Alzheimer’s disease by altering gut microbiota in tree shrews with ginsenoside
Rg1. FEMS Microbiol. Lett. 367:338675701.

Wang, Z., Yuan, D., Duan, Y., Li, S., and Hou, S. (2018). Key factors involved in
obesity development. Eat Weight Disord. 23, 267–274. doi: 10.1007/s40519-
017-0428-3

Wu, J. W., Wang, S. P., Alvarez, F., Casavant, S., Gauthier, N., Abed, L., et al. (2011).
Deficiency of liver adipose triglyceride lipase in mice causes progressive hepatic
steatosis. Hepatology 54, 122–132. doi: 10.1002/hep.24338

Wu, T. R., Lin, C. S., Chang, C. J., Lin, T. L., Martel, J., Ko, Y. F., et al. (2019).
Gut commensal Parabacteroides goldsteinii plays a predominant role in the
anti-obesity effects of polysaccharides isolated from Hirsutella sinensis. Gut 68,
248–262. doi: 10.1136/gutjnl-2017-315458

Zeng, S. L., Li, S. Z., Xiao, P. T., Cai, Y. Y., Chu, C., Chen, B. Z., et al. (2020).
Citrus polymethoxyflavones attenuate metabolic syndrome by regulating gut
microbiome and amino acid metabolism. Sci. Adv. 6:eaax6208. doi: 10.1126/
sciadv.aax6208

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Lu, Zhou, Sun, Qiu, Chen, Gao, Yang, Ai, Liu, Guo,
Liu, Wang and Peng. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 December 2020 | Volume 11 | Article 564376

https://doi.org/10.3390/nu12040901
https://doi.org/10.1007/s00394-017-1542-8
https://doi.org/10.1111/obr.12370
https://doi.org/10.1016/j.metabol.2018.10.011
https://doi.org/10.1016/j.metabol.2018.10.011
https://doi.org/10.1111/dom.13561
https://doi.org/10.1111/obr.12590
https://doi.org/10.3389/fimmu.2018.00987
https://doi.org/10.1016/j.biopha.2019.108753
https://doi.org/10.1016/j.biopha.2019.108753
https://doi.org/10.1002/mnfr.201400913
https://doi.org/10.1124/dmd.115.065094
https://doi.org/10.1124/dmd.115.065094
https://doi.org/10.1172/jci28898
https://doi.org/10.3390/ijms141020704
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1007/s40519-017-0428-3
https://doi.org/10.1007/s40519-017-0428-3
https://doi.org/10.1002/hep.24338
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1126/sciadv.aax6208
https://doi.org/10.1126/sciadv.aax6208
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Modulation of the Gut Microbiota by Shen-Yan-Fang-Shuai Formula Improves Obesity Induced by High-Fat Diets
	Introduction
	Materials and Methods
	Herbal Constituents and Extraction
	Animals and Experimental Design
	Glucose Tolerance Test
	Serologic Analysis and Serum Endotoxin Detection
	Histology and TG Analyses of the Liver
	Quantitative Polymerase Chain Reaction (qPCR)
	Intestinal Permeability
	16S rRNA Gene Sequencing
	Fecal Microbiota Transfer
	Statistical Analysis

	Results
	SYFSF Prevented Obesity and Regulated Glucose Metabolism in HFD-Fed Mice
	SYFSF Alleviated Hyperlipidemia and Systemic Inflammation in HFD-Fed Mice
	SYFSF Reduced HFD-Induced Fat Accumulation in Liver and Adipose Tissue
	SYFSF Improved Gut Barrier Function and Reduced Metabolic Endotoxemia
	SYFSF Modified Gut Dysbiosis in HFD-Fed Mice
	The Gut Microbiota Was Pivotal in Explaining the Therapeutic Effects of SYFSF
	SYFSF Fecal Microbiota Transfer Modulated the Composition of Intestinal Microbiota in HFD-Fed Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


