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a b s t r a c t
Fucosylated chondroitin sulfate from Isostichopus badionotus (fCS-Ib) is a kind of sulfated polysaccharides with
well-repeated structure. In our former publications, fCS-Ib has been reported to be a functional food ingredient
with hypoglycemic and antilipemic activities. However, there is no systematic study to investigate the effects
of fCS-Ib on metabolic syndromes. In the present study, C57BL/6 mice fed on a high-fat and high sucrose diet
(HFSD) for 6 weeks was used to cause metabolic syndromes. The ﬁnal results showed that fCS-Ib alleviated obesity, hyperlipidemia, hyperglycemia, inﬂammation, liver steatosis, and adipocyte hypertrophy caused by HFSD.
Meanwhile, fCS-Ib showed powerful effects on moderating gut microbiota dysbiosis in the HFSD-fed mice. Supplement of fCS-Ib could reduce ratio of Firmicutes to Bacteroidetes by decreasing abundance of Lachnospiraceae
and Allobaculum while increasing abundance of Porphyromonadaceae, Barnesiella, and Bacteroides. Our results
showed that fCS-Ib could be further developed as a potential pharmaceutical agent to prevent metabolic syndromes and gut microbiota dysbiosis.
© 2018 Published by Elsevier B.V.

1. Introduction
The metabolic syndromes (MetS), including obesity, dyslipidaemia,
hyperglycaemia, and hypertension, have become one of the major
public-health challenges worldwide [1]. It has been stated that environmental factors, particularly nutrition, act to program the risks for onset
of metabolic syndromes [2]. To explore possible therapeutic measures,
many experimental animal models fed on diets with increased total caloric intake have been used to result in metabolic syndromes [3]. These
kinds of diets are typical features of what we call the “Western diet”,
which include excess saturated fatty acids and trans fats or simple
sugars, such as fructose or sucrose. When the chime containing a lot of
saturated fats and sugar ﬂows into gut, a series of metabolic syndromes
will appear. Firstly, the diversity and composition of gut microbiota will
be inﬂuenced by over nutrition. Especially, high-fat diet (HFD) may
sharpen the diversity and increase the ratio of Firmicutes to Bacteroidetes
as well as pathogenic bacterium [4]. Another consequence of over nutrition is that when excessive nutrients ﬂood into inner circulation, the
functions of certain organs and tissues will be disturbed, especially for
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livers and adipose. Meanwhile, a whole inﬂammatory response will be
induced, which is a key initiator of obesity and insulin resistance development [5].
Functional foods from natural sources are potential choices for addressing metabolic syndromes as they provide many health beneﬁts
with a low level of adverse side effects [6]. Polysaccharides, important
universal components of life, are present in all plants, animals, and microorganisms [7]. Polysaccharides are multi-functional and these functions have been highlighted in many recent reviews [8,9], making
these potentially important functional food ingredients. One of the remarkable activities reported for polysaccharides is their ability to regulate metabolic syndromes and related diseases, such as alleviating
obesity, hyperlipidemia, hyperglycemia, insulin resistance, and chronic
inﬂammation [10]. Remarkably, the effects of polysaccharides on gut
microbiota have been emphasize in recent publications, which may be
the key target to prevent metabolic syndromes [11].
Sulfated polysaccharides from sea cucumbers have escalated because of their unique structures with well-repeated units. There are
mainly two kinds of sulfated polysaccharides in sea cucumbers,
named as fucoidan and fucosylated chondroitin sulfate, respectively
[12]. Fucosylated chondroitin sulphates from sea cucumbers, as important marine-derived sulfated polysaccharides, have been well studied
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for their anticoagulation activity [13,14]. The ability of fucosylated chondroitin sulfate (fCS) from sea cucumber to regulate energy metabolism
was also reported. They can normalize glucose metabolism damaged by
HFSD through PI3K/PKB/GSK-3β insulin signaling cascade in liver [15],
PKB/GLUT4 signaling in skeletal muscle [16], PI3K/PKB/GLUT4 and
ERK/GLUT4 signaling cascade in adipose tissue [17]. Recently, sulfated
polysaccharides from Stichopus japonicas had been reported that they
can prevent diet-induced obesity and its associated diseases by modulating the gut microbiota [18]. In our former study, fucosylated chondroitin sulfate extracted from Isostichopus badionotus (fCS-Ib)
relatively with well-deﬁned repeating oligosaccharide units has been
reported to have powerful hypolipidemic activities [19]. As shown in
the Supplementary Fig. 1a, fCS-Ib contains a chondroitin sulfate E
(CSE) backbone, which is made up by repeating disaccharide units of alternating [4GlcAβ1-3GalNAc (4,6S) β1]. In CSE, the GalNAc is sulfated at
both 4- and 6-positions. A single fucose as the branch was linked to the
3-position of the GlcA. Fucose branch in fCS-Ib is 2,4-O-sulfated [20].
However, the effects of this sulfated polysaccharide on the metabolic
syndromes and gut microbiota are still unclear. In the present study,
we focus our investigation on the multi-function of fCS-Ib including
lipid proﬁle, inﬂammation, liver function, and gut microbiota in the
mice fed on a high-fat and high-sucrose diet (HFSD).

cages within a pathogen-free barrier facility that maintained a 12-h
light: 12-h dark cycle, and allowed to take water and food ad libitum.
After 1 week for adaptation to the laboratory environment, animals
were randomly divided into four groups with eight mice in each
group. Group 1: mice were fed on regular chow and administered
with distilled water by metallic gavage needle every day, named as
the control group. Group 2: mice were fed on a HFSD (49.5% common
chow + 15% sucrose + 20.4% lard + 12.3% protein + 2% premix
compound + 0.8% maltodextrin) and administered with distilled
water by metallic gavage needle every day, named as the HFSD group.
Group 3: mice were fed on HFSD and administered with fCS-Ib solution
dissolved in distilled water at a dose of 20 mg/kg/day by metallic gavage
needle, named as the fCS-Ib-L group. Group 4: mice were fed on HFSD
and administered with fCS-Ib solution dissolved in distilled water at a
dose of 40 mg/kg/day by metallic gavage needle, named as the fCS-IbH group. The food consumption and weight gain were measured once
a week. The Zhejiang University Standing Committee on Animals approved all mouse protocols.
After 6 weeks, the mice were withheld food for 12 h, weighed and
blood samples were collected from their eyeballs. Serum, liver, kidney,
white adipose tissue and colonic contents were collected, weighted,
and frozen at −80 °C. A small part of liver and epididymal fat tissues
were ﬁxed on neutral formalin solution for histology.

2. Materials and methods
2.4. Biochemical analysis of serum
2.1. Materials
Sea cucumbers Isostichopus badionotus (from Western Atlantic
Ocean) were purchased from a local market in Qingdao, Shandong,
China.

Serum TC, TG, HDL-C, LDL-C, glucose, TNF-α and IL-6 levels were
measured by enzymatic colorimetric methods using commercial kits
(R&D Systems, USA).
2.5. Liver and epididymal fat histology

2.2. Preparation of sea cucumber polysaccharides
Crude sea cucumber polysaccharide was prepared based on a previously described method [21]. The crude fucosylated chondroitin sulphate from I. badionotus (fCS-Ib) was puriﬁed according to our former
methods [22]. The molecular weight of fCS-Ib was determined by a
high performance size exclusion chromatography (HPSEC) system according to the method described by Guo with some modiﬁcations
[23]. The average Mw determination of fCS-Ib was performed on a Waters 1525 HPLC system (Waters, Milford, USA) with ultrahydrogel 2000
Column (7.8 × 300 mm) (Waters, Milford, USA). Forty microliters of the
(2.0 mg/mL) were injected and eluted by 0.2 M NaCl at a ﬂow rate of
0.5 mL/min. The standard dextrans of 80.90, 147.60, 273.00, 409.80
and 667.80 kDa were used to obtain the calibration curves for fCS-Ib calculated by Breeze 2 software. According to the standard curve, the ﬁnal
molecular weight of fCS-Ib was 10.9 kDa. The HPSEC proﬁle of fCS-Ib
was shown in Supplementary Fig. 1b and its chemical composition
was shown in Supplementary Table 3.
2.3. Animals and experimental design
Thirty-two male C57BL/6J mice were purchased from the Shanghai
Slaccas Laboratory Animal Company (Certiﬁcate Number SCXK (hu)
2007-0005, Shanghai, China). The mice were housed in ventilated

The fresh liver and epididymal fat samples were rapidly dissected
and the liver tissue sections were ﬁxed by the immersion in a 4% neutral
formalin solution at room temperature for 48 h. Furthermore, the samples were dehydrated through ascending grades of alcohol, clariﬁed in
benzene and embedded in low melting point parafﬁn wax. Sections
(3 nm thick) were cut and stained with hematoxylin and eosin (H &E
staining) for light microscopic examination [24]. All of these assays
were performed in a blinded manner.
2.6. RT-qPCR analysis
Total RNA was isolated from adipose tissues using a total tissue
TRIzol® Plus RNA Puriﬁcation Kit (Invitrogen, America). Equal amounts
of total RNA were used to synthesize cDNA with the Quant II fast RT kit
(Tools, Taiwan). Quantitative real-time reverse-transcription PCR (RT–
qPCR) was performed in triplicate using SYBR Green, 384-well plates
and the CFX384 Touch Real-Time PCR System (Bio-Rad, USA). Each
well was loaded with a total of 20 μl containing 1 μl of cDNA, 1 μl of target primers, and 8 μl of SDW and 10 μl of Power SYBR® Green Master
Mix. Hot-start PCR was performed for 40 cycles, with each cycle
consisting of denaturation for 15 s at 94 °C, annealing for 30 s at 60 °C
and elongation for 30 s at 72 °C. The housekeeping gene 18sRNA was
used as a control. PCR products were quantitated using the software

Table 1
Effect of fCS-Ib on body weight in HFD-fed mice.
Groups

Initial weight (g)

1st week (g)

2nd week (g)

3rd week (g)

4th week (g)

5th week (g)

Final weight (g)

Gain weight (g)

Control
HFSD
fCS-Ib-L
fCS-Ib-H

24.6 ± 1.3
24.5 ± 1.5
25.1 ± 0.7
24.3 ± 1.2

24.7 ± 1.1
26.1 ± 1.2
25.4 ± 1.1
25.4 ± 0.9

25.6 ± 1.2
27.1 ± 1.3
26.0 ± 1.2
26.5 ± 1.1

25.6 ± 0.9
27.3 ± 1.1
26.2 ± 1.3
26.2 ± 1.2

26.4 ± 1.1
27.8 ± 1.2
26.6 ± 1.2
26.8 ± 1.2

26.4 ± 1.2
28.1 ± 1.5
27.0 ± 1.7
26.9 ± 1.4

26.9 ± 0.9
28.9 ± 0.9
27.7 ± 1.5
27.0 ± 1.3

2.3 ± 0.6⁎
4.4 ± 0.9#
2.6 ± 0.8⁎
2.6 ± 0.6⁎

Data are presented as mean ± SD, n = 8. The control group was supplied with common commercial chow and all the other groups were supplied with HFD.
⁎ P b 0.05: compared with HFD group.
#
P b 0.05: compared to normal control group
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iCycler iQ5 (Bio-Rad, USA). The mRNA relative expression levels were
expressed as the ratio of signal intensity for the target genes to that of
18sRNA [25]. The primers of related genes were shown in the Supplementary Table 1.

a

2.7. 16S rDNA analysis
DNA was extracted from the colon contents of mice by using the
E.Z.N.A. ®Stool DNA Kit (D4015, Omega, Inc., USA) according to manufacturer's instructions. The reagent which was designed to uncover
DNA from trace amounts of sample has been shown to be effective for
the preparation of DNA of most bacteria. Nuclear-free water was used
for blank. The total DNA was eluted in 50 μl of elution buffer and stored
at −80 °C until measurement in the PCR by LC-Bio Technology Co., Ltd.,
Hang Zhou, Zhejiang Province, China. The 16S rDNA gene (V3 and V4 regions) from the colon microbiota was ampliﬁed using the universal
primers as follows: 319F (5′-ACTCCTACGGGAGCAG-3′) and 806R (5′GGACTACCAGGGTATCTAAT-3′) [26]. The PCR reactions were carried
out in an ABI GeneAmp PCR System 9700 (Applied Biosystems, Foster
City, USA). The amplicons were puriﬁed using the AxyPrep DNA gel extraction kit (Axygen Bioscience, Union City, USA) and quantiﬁed by a
Promega Quantiﬂuor® ST ﬂuorometer (Promega, Madison, USA) before
being sequenced on an Illumina MiSeq PE250 platform by Shanghai
Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China).
Samples were sequenced on an Illumina MiSeq platform according
to the manufacturer's recommendations, provided by LC-Bio. Pairedend reads were assigned to samples based on their unique bar code
and truncated by cutting off the bar code and primer sequence.
Paired-end reads were merged using FLASH. Quality ﬁltering on the
raw tags was performed under speciﬁc ﬁltering conditions to obtain
the high-quality clean tags according to the FastQC (V 0.10.1). Chimeric
sequences were ﬁltered using Verseach software (v2.3.4). Sequences
with ≥97% similarity were assigned to the same operational taxonomic
units (OTUs) by Verseach (v2.3.4). Representative sequences were chosen for each OTU, and taxonomic data were then assigned to each representative sequence using the RDP (Ribosomal Database Project)
classiﬁer. The differences of the dominant species in different groups,
multiple sequence alignment were conducted using the PyNAST software to study phylogenetic relationship of different OTUs. OTUs abundance information were normalized using a standard of sequence
number corresponding to the sample with the least sequences. Alpha
diversity is applied in analyzing complexity of species diversity for a
sample through 4 indices, including Chao1, Shannon, Simpson and Observed species. All these indices in our samples were calculated with
QIIME (Version 1.8.0). Beta diversity analysis was used to evaluate differences of samples in species complexity. Beta diversity was calculated
by principle co-ordinates analysis (PCoA) and cluster analysis by QIIME
software (Version 1.8.0). Linear discriminant analysis (LDA) effect size
(LEfSe) analysis was performed to identify the dimensional gut bacteria
and characterize the microbial differences between different treatment
groups [27]. The Kruskal-Wallis rank sum test was applied to detect features that were signiﬁcantly different between assigned taxa and the
LDA was used to quantify the effect size of each feature. A signiﬁcance
alpha value of b0.05 and an effect size threshold of 2 were used for
this analysis.
2.8. Statistical analysis
All experimental results are given as mean ± standard deviation
(SD). Data obtained were analysed using one-way analysis of variance
(ANOVA) and Duncan's multiple range tests. The level of statistical signiﬁcance was set at P b 0.05.
Fig. 1. Effects of fCS-Ib on the liver weight (a), epididymal fat weight (b), and kidney
weight (c). All data are expressed as mean ± SD (n = 8). a, b, c: P b 0.05, the different
letters represent signiﬁcant differences between different groups.
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Fig. 2. Effects of fCS-Ib on the serum TG (a), TC (b), LDL-C (c), HDL-C (d), and fasting blood glucose (e) on HFD-fed mice. All data are expressed as mean ± SD (n = 8). a, b, c: P b 0.05, the
different letters represent signiﬁcant differences between different groups.
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Fig. 3. Effects of fCS-Ib on the serum TNF-α (a) and IL-6 (b), on HFD-fed mice. Data of TNF-α and IL-6 are expressed as mean ± SD (n = 8). Effects of fCS-Ib, DfCS-Ib on aP2 (c) and F4/80
(d) of adipose tissues using qRT-PCR, and the results were normalized by18s rRNA. Data of qRT-PCR are expressed as mean ± SD (n = 4). a, b, c: P b 0.05, the different letters represent
signiﬁcant differences between different groups.

3. Results
3.1. Effects of fCS-Ib on obesity caused by HFSD
In the present study, a combination of 15% sucrose and 20.4% lard
was used to establish metabolic syndromes. The body weights of four
groups during the experimental period are presented in the Table 1.
From the ﬁrst week, the mice in the HFSD group got more weight
gains than the control group. After 6 weeks, HFSD feeding led to significant increases in body weight gains (P b 0.05, compared with the

control group). Supplementation with fCS-Ib could signiﬁcantly decreased weight gains in the mice fed on HFSD, and even the lower dosage of fCS-Ib at 20 mg/kg could signiﬁcantly inhibit the abnormal weight
gains (P b 0.05, compared with the HFD group). The liver weight
(Fig. 1a), epididymal fat weight (Fig. 1b), and kidney weight (Fig. 1c)
were also signiﬁcantly increased in the mice fed on HFSD. Especially,
the fCS-Ib-H group maintained the liver and kidney weight at normal
levels (P N 0.05 compared with the control group). However, the effects
of two fCS-Ib groups on epididymal fat weight were limited (P b 0.05
compared with the control group and the HFD group). Meanwhile, the
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food consumption was not signiﬁcantly different among all the four
groups (data not shown). All data indicated that fCS-Ib could be potential functional food ingredient to prevent obesity.

The data in this part indicated fCS-Ib alleviated hyperlipidemia and hyperglycemia caused by HFSD in a dose–dependent way.
3.3. Effects of fCS-Ib on inﬂammation caused by HFSD

3.2. Effects of fCS-Ib on hyperlipidemia and hyperglycemia caused by HFSD
International Diabetes Federation have deﬁned that for a person to
be deﬁned as having the MetS, they must have central obesity plus
any two of four additional factors (raised TG level, reduced HDL-C,
raised blood pressure, and raised fasting plasma glucose) [1]. In our
study, HFSD disturbed lipid proﬁle by raising serum TG, TC and LDL-C
levels while decreasing HDL-C level (P b 0.05 between the HFSD group
and the control group), which was signiﬁcantly restored by supplement
with fCS-Ib (shown in the Fig. 2a-d). Meanwhile, the glucose level in the
HFSD group was much higher than that of the control group (P b 0.05
between the HFSD group and the control group, shown in the Fig. 2e).
Administration of fCS-Ib at dosage of 40 mg/kg/day resulted in a significant glucose-lowering effect (P b 0.05 compared with the HFSD group).

Inﬂammation is a risk factor contributing to a cluster of MetS, particularly obesity, type 2 diabetes and cardiovascular disease [28]. The inﬂux of excessive nutrients into inner metabolism can trigger classical
inﬂammatory pathways, such as the NF-κB signaling pathway, through
activating downstream signaling of Toll-like receptors (TLRs) [29]. Activation of inﬂammatory pathways results in the production of proinﬂammatory cytokines such as IL-6, IL-1, and TNF-a. An assessment of
the major cytokines (TNF-α and IL-6) produced after 6 weeks of the
HFSD revealed a signiﬁcant elevation compared with serum levels of
mice in the control group (P b 0.05 compared with the control group,
shown in the Fig. 3a and b). Both the fCS-Ib-L and fCS-Ib-H groups significantly depressed the serum TNF-α level (P b 0.05 compared with the
HFSD group). The serum IL-6 level was also decreased by supplement

a

b

Fig. 4. a histological assessment of livers in high fat diet-induced obesity mice(H&E stain, 200× magniﬁcation); b histological assessment of fat tissues in high fat diet-induced obesity mice
(H&E stain, 200 × magniﬁcation).
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with fCS-Ib, although signiﬁcant differences were not observed (P N 0.05
compared with the HFSD group).
These inﬂammatory cytokines drive macrophage activation and
propagation of pro-inﬂammatory signals throughout the organism,
thus initiating parallel cascades of inﬂammatory reactions. The inﬂammatory state, caused by long term over nutrition, ﬁnally develops into
a state of chronic unresolved inﬂammation [30]. Studies demonstrated
that a key mechanism underlying obesity-induced inﬂammation is the
accumulation of increased numbers of tissue macrophages, particularly
in obese adipose tissue [31]. Macrophages are present in much higher
numbers in adipose tissue of obese subjects than in that of lean subjects
and appear to be major sources of inﬂammatory mediators such as TNFα [32]. As shown in the Fig. 3c and d, we measured the mRNA expression of aP2 and F4/80 in the adipose tissue to investigate the degree of
macrophages inﬁltrating into adipose tissue. The adipocyte fatty acidbinding protein, aP2, has been considered as an adipocyte-speciﬁc protein. However, it has been found to be expressed in macrophages and
involved in metabolic inﬂammation [33]. Mice with aP2 deﬁciency are
protected from inﬂammation [34]. In our study, the expression of aP2
was signiﬁcantly up-regulated by HFSD (P b 0.05 compared with the
control group, Fig. 3c). In the fCS-Ib-L group, the expression of aP2
was down-regulated compared with the HFSD group. In the fCS-Ib-H
group, the expression of aP2 was down-regulated in the adipose tissue
of HFSD-fed mice, which was even lower than the control group. F4/
80 is a speciﬁc macrophage marker [35]. As shown in the Fig. 3d,
HFSD caused signiﬁcantly increasing expression of F4/80 in the adipose
tissue compared with that of the control group (P b 0.05). Supplement
with enough fCS-Ib could efﬁciently decreased the expression of F4/80
(P N 0.05 between the fCS-Ib-L group and the control group). In conclusion, fCS-Ib could alleviate inﬂammation by decreasing serum inﬂammatory cytokines and dampening macrophages inﬁltrating into
adipose tissue.
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particular have been shown to have signiﬁcant effects on the composition and diversity of gut microbiota. Especially, diets with excess energy
contribute to increasing abundance of microorganisms that are related
to metabolic diseases [37].
In this section, we investigated how fCS-Ib modulated the proﬁles of
colonic microbiota in the HFSD-fed mice. Since both low and high dosages of fCS-Ib had profound effects on alleviating metabolic syndromes,
the high dose of fCS-Ib was selected to investigate its effects on gut microbiota by 16S rDNA. Firstly, alpha diversity analysis was performed to
value the richness and diversity of three groups. Former studies have reported that the diversity of gut microbiota could be sharpen by high-fat
diet [39]. According to Simpson index (Fig. 5a) and observed species
(Fig. 5b), bacterial diversity and richness were not changed by HFSD
in the present study (P N 0.05, compared with the control group,
Fig. 5a and b). FCS-Ib exerted almost no inﬂuence on bacterial diversity
but increased richness in HFSD-fed mice. Venn diagram showed the
similarity and speciﬁcity of operational taxonomy units (OTUs) in
these three groups (Fig. 5c). The more OTUs were found in the fCS-Ib
group compared with that of the control group and the HFSD group,

a

3.4. Effects of fCS-Ib on liver steatosis and adipocyte hypertrophy caused by
HFSD
One of the consequences of over nutrition is the development nonalcoholic fatty liver disease (NAFLD) [36]. Histopathological observation
of the liver was performed to investigate the effect of fCS-Ib on hepatic
steatosis. Fig. 4a showed photomicrographs of H&E stained liver tissues.
In comparison with hepatic cellular architecture of the normal mice, the
HFSD led to severe enlargement of liver cell volume, the structural disorder of hepatic lobules, and large fat vacuoles. The morphological
structures of hepatocytes in HFSD-fed mice were signiﬁcantly recovered
by treatment with fCS-Ib. Relatively normal structures of hepatic lobules
and signiﬁcantly improved fatty degeneration of liver cells were noted
in both fCS-Ib groups. Our results indicated fCS-Ib could efﬁciently ameliorated hepatic steatosis caused by over nutrition.
The manifestation of obesity is being overweight due to TG accumulated in the adipose tissue. When adipose tissue is exposed to caloric
abundance, it stores free fatty acids (FFAs) in the form of TG through esteriﬁcation. Additional pre-adipocytes are driven to differentiate into
white adipocytes, thus inducing fat hypertrophy. As shown in Fig. 4b,
the size of adipocyte was enlarged by HFSD compared with the adipocyte in the control group. The supplement of fCS-Ib affected the development of adipocytes. Both the fCS-Ib-L group and the fCS-Ib-H group
signiﬁcantly reduced the adipose size of HFSD-fed mice. This result indicated that fCS-Ib can reduce lipid accumulation in adipose tissues, thus
reducing body weight gains.

b

3.5. Effects of fCS-Ib on gut microbiota in HFSD-fed mice
The importance of gut microbiota for human health has been emphasized in the past decades [37]. One issue that has emerged in recent
years is the link between metabolic syndromes and the composition
and functionality of the gut microbiota [38]. Dietary changes in

Fig. 5. Structural comparison of gut microbiota among control, HFD, fCS-Ib, and DfCS-Ib
groups. Simpson index of the three groups (a). Observed species of the three groups
Venn diagram comparison of OTUs in gut microbiota among the three groups (c). PCoA
plot of gut microbiota based on weighted UniFrac metric (d).
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Fig. 5 (continued).

which indicated the powerful effects of fCS-Ib on gut microbiota. In addition, PCoA plot based on weighted UniFrac metric show a distinct
clustering of gut microbiota compositions between the three groups
(Fig. 5d). Combined all these results, the composition of gut microbiota
induced by HFSD was distinct from that of the normal group. Supplement fCS-Ib changed the gut microbiota in the HFSD-fed mice. Meanwhile, the gut microbiota in the fCS-Ib group also had speciﬁc gut
microbiota proﬁle, which was different from that of the normal group.
Then, the composition of gut microbiota in the three groups with different treatments is discussed both at phylum and genus levels. Similar
to the gut microbiota of human, it is dominated by Bacteroidetes and
Firmicutes,
whereas
Actinobacteria,
Proteobacteria,
and
Verrucomicrobia are frequent but generally minor constituents in
mice [40]. According to results of the 16 s RNA (Fig. 6a), Bacteroidetes

and Firmicutes are the dominant phylum in the three groups. The microbiota of mice fed with HFSD showed a signiﬁcantly increased relative
abundance of Firmicutes, and a decreased relative abundance of
Bacteroidetes, Actinobacteria, and Verrucomicrobia compared with
the microbiota of mice with the control group. Remarkably, HFSD increased the ratio of Firmicutes to Bacteroidetes from 0.37 (the ratio of
F/B of the control group) to 1.18. FCS-Ib reversed the ratio of F/B to
0.28 in the HFSD-fed mice, a value even lower than the control group.
FCS-Ib exerted no effects on reversing other microorganism at the phylum level. At the level (Fig. 6b), HFSD decreased the abundance of
Barnesiella, while increased that of Alistipes and Allobaculum (compared
to the control group). FCS-Ib increased the proportion of Barnesiella
while decreased that of Allobaculum in the HFSD-fed mice. Meanwhile,
the abundance of Bacteroides In fCS-Ib group was much higher than

S. Li et al. / International Journal of Biological Macromolecules 124 (2019) 377–388

other two groups. There was no signiﬁcant change in the abundance of
Bacteroides between the HFSD and control group. FCS-Ib supplement increased Bacteroides from 2.0% to 10.8% in HFD-fed mice.
Furthermore, LEfSe analysis was performed to compare the speciﬁc
bacterium of the fCS-Ib group with the HFSD group including all
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microorganisms at different levels. Compared with the control group,
the dominant bacterium in the HFD group was characterized by a higher
amount of Firmicutes, Clostridia, Clostridiales Lachnospiraceae, and
Alistipes and a lower amount of Bacteroidetes, Porphyromonadaceae,
and Barnesiella (Fig. 6c and Supplementary 2a). In the fCS-Ib group,

a

b

Fig. 6. Composition of gut microbiota in control, HFD, and fCS-Ib groups at phylum level (a); Composition of gut microbiota in control, HFD, and fCS-Ib groups at genus level (b); LEfSe
comparison of gut microbiota between control and HFD groups (c); LEfSe comparison of gut microbiota between HFD and fCS-Ib groups (d).
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c

d

Fig. 6 (continued).

there were lower abundance of Firmicutes, Clostridia, Clostridiales
Lachnospiraceae, and Allobaculum and higher abundance of
Bacteroidetes, Porphyromonadaceae, and Barnesiella in HFSD-fed mice
(Fig. 6d and Supplementary 2b).
Combined of all results of 16 s RNA, fCS-Ib reduced the relative abundance of Firmicutes by decreasing the relative abundance of Clostridia,
Clostridiales, Lachnospiraceae, and Allobaculum. FCS-Ib improved the
relative abundance of Bacteroidetes by increasing the relative abundance of Porphyromonadaceae, Bacteroides and Barnesiella. The view
that an increased ratio of Firmicutes to Bacteroidetes at the phylum
level could promote the development of obesity in mice has been reported in many publications [41,42]. Our results conﬁrmed the idea
that the ratio of F/B is positively correlated to obesity. It is noteworthy
that fCS-Ib reversed the ratio of F/B to a normal level in HFSD-fed
mice. However, HFSD had no effects on the relative abundance of
Proteobacteria in the present work, which is not consistent with former
studies that the relative increased abundance of Proteobacteria has been
found in the mice fed on High-fat diet (HFD) [10]. High abundance of

Lachnospiraceae bacteria (phylum Firmicutes, class Clostridia) has
been found in HFD diet and is associated with metabolic syndromes,
such as obesity, type 2 diabetes, inﬂammatory bowel disease [43]. We
found that fCS-Ib decreased colonic Allobaculum to a very low abundance. Allobaculum is a kind of SCFAs-producing bacteria belonging to
within the family Erysipelotrichaceae and the phylum Firmicutes [44].
However, the family Erysipelotrichaceae was controversial for the relationship between its abundance in the gut and inﬂammatory bowel diseases [45]. Allobaculum has been considered as a type of bacteria
positively related to obesity in mice feeding on HFSD [46]. FCS-Ib supplement increased Bacteroides from 2.0% to 10.8% in HFD-fed mice.
Bacteroides is one of members of the human gut microbiota that confer
myriad beneﬁts on their hosts [47]. FCS-Ib increased the abundance of
Barnesiella, a genus belonging to the family Porphyromonadaceae and
the phylum Bacteroidetes. The higher levels of Barnesiella in the colon
are able to protect against the intestinal dominance of antibioticresistant pathogenic bacteria and correlate with the amount of several
immune regulatory cells [48]. Our results of gut microbiota indicated
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that fCS-Ib could restore the composition of gut microbiota in the HFSDfed mice.
4. Conclusion
In the present work, the results of body weight gains, fat, liver, and
kidney weight indicated that fCS-Ib could inhibit HFSD-fed mice from
becoming obese. Meanwhile, fCS-Ib could reverse lipid proﬁle, lower
serum glucose level, and alleviate low-degree inﬂammation caused by
HFSD. Furthermore, fCS-Ib showed powerful effects on reversing F/B
value mainly through decreasing abundance of Firmicutes,
Lachnospiraceae and Allobaculum while increasing abundance of
Bacteroidetes, Porphyromonadaceae, Bacteroides, and Barnesiella. Our
results indicated that fCS-Ib can be pharmaceutical agent for its speciﬁc
effects on metabolic syndromes. However, more speciﬁc studies are
needed to further decipher the effects of fCS-Ib on gut microbiota, especially intestinal ﬂora related to metabolic syndromes.
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