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Abstract

Purpose Obesity, substantially increasing the risk of diseases such as metabolic diseases, becomes a major health challenge.
In this study, we, therefore, investigated the effect of modified apple polysaccharide (MAP) on obesity.

Methods Twelve male C57BL/6J mice were given a 45% high-fat diet (HFD) for 12 weeks to replicate an obesity model
and six mice were given normal diet as control. Then, 1 g/lkg MAP was administrated to six mice by gavage for 15 days.
[lumina Miseq PE300 sequencing platform was used to analyze the microbial diversity of fecal samples. Flow cytometry
was employed to investigate the effects of MAP on immune cells in adipose tissue. Bacterial culture and qPCR were used to
assess the effects of MAP on the growth of whole fecal bacteria and representative microbiota in vitro.

Results MAP could alleviate HFD-induced obesity and decrease body weight of mice effectively. The results of a diversity
showed that Shannon index in HFD group was significantly lower than that in control group; Shannon index in MAP group
was higher than that in HFD group. The results of p diversity showed that the microbiota of MAP group was more similar
to that of control group. HFD increased the number of T cells and macrophages in adipocytes; while MAP decreased the
number of T cells and macrophages. MAP could promote the growth of fecal bacteria, and demonstrated a facilitated effect
on the proliferation of Bacteroidetes, Bacteroides, Lactobacillus, and an inhibitory effect on Fusobacterium.

Conclusions MAP could reduce HFD-induced obesity of mice effectively. The possible mechanisms are that MAP restored
HFD-induced intestinal microbiota disorder, downregulated the number of T cells and macrophages in adipose tissue.
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LDL-C Low-density lipoprotein cholesterol
LAC Lactobacillus

MAP Colitis-associated colorectal cancer
TC Total cholesterol

TG Triglyceride

Introduction

World Health Organization (WHO) defines obesity as exces-
sive fat accumulation that might damage health and is diag-
nosed at the body-mass index (BMI) > 30 kg/m? [1]. The
prevalence of overweight and obese between 1980 and 2013
increased 47.1% for children and 27.5% for adults. A total
of 2.1 billion individuals were considered as overweight or
obese [2]. According to statistics from NCD Risk Factor
Collaboration, the number of obese people in the world rose
from 150 million in 1975 to 641 million in 2014 [3].

Obesity is associated with the risk of metabolic diseases
(e.g., type 2 diabetes mellitus and fatty liver), cardiovascular
diseases (hypertension, myocardial infarction, and stroke),
musculoskeletal disease (osteoarthritis), Alzheimer disease,
depression, and some kinds of cancer (e.g., breast, ovar-
ian, prostate, liver, kidney, and colon) [4, 5]. Furthermore,
obesity might lead to reduced quality of life and social dis-
advantages [6].

It is a high priority then to reduce the obesity-related bur-
den to health and societies as well as to reverse the increase
in obesity prevalence.

In recent years, intestinal microbiota has become a focus
of obesity and obesity-associated metabolic phenotypes.
Backhed et al. found that normal mice consumed more fat
and gained 42% more body fat than aseptic mice [7]. Then,
after transplanting aseptic mice with bacteria from the
cecum of normal mice, body fat of aseptic mice increased
by 60% in 2 weeks, accompanied by insulin resistance, adi-
pocyte hypertrophy, increased leptin, and glucose levels.
Therefore, intestinal microbiota plays an important role in
the process of body weight change. If the intestinal micro-
ecosystem is imbalanced and the composition and propor-
tion of normal microbiota are modified, the occurrence and
development of obesity and its metabolic syndrome will be
accelerated. Studies have shown that intestinal microbiota
imbalance can lead to obesity by transplanting disordered
microbiota into sterile mice. Ridaura et al. [8] colonized the
fecal microbiota of two genetically identical twins, one fat
and one thin, into the intestines of sterile mice fed a low-
fat diet, and found that the sterile mice receiving the “fat”
microbiota became fat, while the sterile mice receiving the
“lean” microbiota remained thin.

During the development of obesity, dysbiosis plays a
role through a variety of mechanisms, such as regulating
the “brain—gut axis” to increase energy uptake, affecting
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the metabolites of the microbiota, thereby inhibiting energy
metabolism [9]. It seems to be reasonable to control body
weight through regulating the gut microbiota.

In our previous study, we found that modified apple poly-
saccharide (MAP) exerted health benefits through inhibit-
ing gut dysbiosis and chronic inflammation and regulating
gut permeability in high-fat diet (HFD)-induced dysbiosis
rats [10]. We, therefore, supposed that MAP may play an
anti-obesity effect through intestinal microbiota and tried to
verify the hypothesis in an HFD-induced obesity model in
male C57BL/6J mice.

Materials and methods
Chemicals and reagents

10% low-fat diet and 45% HFD were obtained from Nantong
Trophic Animal Feed High-tech Co. Ltd (code: TP23102
and TP23100) (Jiangsu, China); and MAP was extracted as
previously described [11].

Induction of a mouse model of obesity

All animal experiments were approved by the Ethical Com-
mittee for Animal Care and Use of China State Institute of
Pharmaceutical Industry. Eighteen male C57BL/6J mice
aged 5 weeks were obtained from Shanghai Xipuer-Bikai
Laboratory Animal Co., Ltd. (Shanghai, China), and housed
in metabolic cages with a light/dark cycle of 12 h at a tem-
perature of 21 °C+ 1 °C. All possible efforts were made to
minimize the animals’ suffering and to reduce the number
of animals used.

The mice were randomly divided into control group (6
mice) and HFD group (12 mice) before the establishment of
the model. Briefly, the experiment was done as previously
described [12]. All mice were quarantined for 6 days. At the
7th day, the control group was only given low-fat diet, while
the mice in HFD group were given HFD. Each mouse was
given an unlimited amount of diet.

At the 12th week, mice in the HFD group were randomly
and equally divided into two groups: HFD group, and MAP
group [MAP, 1 g (MAP)/kg (body weight)]. The mice in
control group were still fed with low-fat diet, while the
other groups were still fed with HFD. Treatment with MAP
[MAP was dissolved in distilled water to prepare a solution
of 0.1 g/mL (w/v)] was administrated by gavage in a dosage
of 10 mL/kg every day for 15 days.

Glucose tolerance test (GTT)

At the end of the experiment, the mice were fasting for 16 h
but given water ad libitum and then weighed. The tip of tails
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of mice was scored using a sterilized blade. A small drop of
blood (<5 pL) was placed on the test strip of the blood glu-
cose meter (Yuyue Medical Equipment Co., Ltd., Jiangsu,
China). And the blood glucose was measured as the value
of 0 h. The mice were then intraperitoneally administered
with 50% glucose solution (4 mL/kg), and the blood glucose
values at the points of 15, 30, 60, 90, and 120 min were col-
lected, respectively. The time curve of blood glucose level
was made to compare the differences of glucose tolerance
between groups.

Serum biochemical analysis

Approximately 500 pL blood were collected from the inner
canthus of mice and placed for half an hour, and then cen-
trifuged at 3500 rpm for 10 min to obtain serum. 150 uL
serum were immediately measured by 7080 biochemistry
automatic analyzer (HITACHI, Tokyo, Japan) to detect the
level of total cholesterol (TC), triglyceride (TG), low-density
lipoprotein cholesterol (LDL-C), and high-density lipopro-
tein cholesterol (HDL-C).

Collection of adipose tissue

On the day before dissection, the mice were fasting. Then,
the mice were euthanized by ether overdose. And adipose tis-
sue of epididymis and perirenal adipose tissue were removed
to weigh. 0.5 g of adipose tissue of epididymis per mouse
was fixed with 10% formaldehyde. Hematoxylin—eosin (HE)
staining was performed on 10% formaldehyde-fixed epididy-
mal adipose tissue samples after paraffin section.

DNA extraction

Briefly, at the end of the experiment, five independent fecal
samples per mouse were collected and fecal bacteria and
bacterial DNA were extracted. The fecal samples were
re-suspended with 4 mL PBS. Thirty min later, the upper
suspension was transferred to another sterilized centrifugal
tube. The transferred suspension was centrifuged at 200g for
10 min to further remove impurities and then transferred to
another sterilized 15 mL centrifugal tube and centrifuged at
3220g for 5 min to obtain fecal bacteria, which were then
suspended with 0.6 mL TE buffer. 20 pL lysozyme (200 mg/
mL, prepared with TE) were added, incubated at 37 °C for
3 h, and then, 70 pL of 10% SDS and 15 pL of proteinase K
(20 mg/mL, prepared with TE) were added, and incubated
overnight at 55 °C. DNA was extracted by phenol-chloro-
form—isoamyl alcohol (25:24:1) solution, centrifuged for
10 min at 12,000g, and then transferred to another EP tube.
DNA was precipitated at 4 °C for 30 min with 0.1 times 3 M
sodium acetate (pH 5.2) and 0.6 times volume of isopro-
panol. The precipitated DNA was collected by centrifuging

at 12,000xg for 10 min. DNA was washed with 70% ethanol,
vacuum dried, and dissolved in 0.2 mL TE buffer. OD,¢/
OD,y, of the DNA was detected by Beckman DU-800
Coulter (CA, USA). The values of 1.8-1.9 were regarded
as qualified.

Sequencing analysis of fecal microbiota diversity
in mice

DNA samples from mouse feces were amplified by PCR
and sequenced for microbial diversity by Shanghai Major-
bio Co., Ltd. The primers for PCR amplification were
338F-806R (V3-V4 variable region of 16sRNA gene) with
barcode. The sequence of primers was as follows: 338F
5'-ACTCCTACGGGAGCAGGCAG-3' and 806R 5'-GGA
CTACHVGGGTWTCTAAT-3". The PCR reaction system
was: FastPfu buffer 4 pL, dNTPs 2 pL, primers 0.8 pL,
TransStart®FastPfu DNA polymerase (TransGen Biotech,
Beijing, China) 0.4 pL, and DNA template 10 ng, supple-
mented with double steamed water to 20 pL. The condi-
tions of PCR reaction were as follows: (1) 95 °C 3 min; (2)
a: 95 °C 30 s;b: 55°C30s;c: 72 °C 45 s, in a total of 27
cycles; (3) 72 °C 10 min. PCR products were detected by 2%
agarose gel electrophoresis. The products were recovered by
DNA gel Recovery Kit (Corning, NY, USA). PCR products
were detected by QuantiFluor™-ST blue fluorescence quan-
titative system (Promega Corporation, Madison, WI, USA).
According to the sequencing requirements of each sample,
the products were mixed according to the corresponding
proportions. Illumina platform library was constructed
and sequenced by Illumina Miseq PE300 sequencing plat-
form. Operational taxonomic units (OTUs) with sequence
similarity over 97% were analyzed. The taxonomy of each
16S rRNA gene sequence was analyzed using RDP classi-
fier (http://rdp.cme.msu.edu/) against the SILVA ribosomal
RNA gene database using a confidence threshold of 70%
[13, 14].

Flow cytometric analysis

Two hundred mg epididymal adipose tissue samples of each
mouse were digested at 37 °C for 30 min with 1 mg/mL
collagenase I and centrifuged for 5 min at 500g, and then,
the cell pellets were re-suspended and filtered through a
70 pm cell strainer, washed with ice cold PBS three times,
and centrifuged for 5 min at 500g. The supernatant was dis-
carded and precipitated with ACK lysis buffer for 10 min
and centrifuged for 5 min at 500g. The supernatant was dis-
carded again, and the precipitated cells were re-suspended
with PBS and then counted. The cell density was adjusted
to 2% 10%/mL. According to the volume ratio of 1:200, the
corresponding antibodies (anti-mouse CD3 FITC and anti-
mouse F4/80 FITC, Thermo Fisher Scientific, Waltham, MA
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USA) were added and incubated in the dark for 30 min, and
then detected and analyzed by flow cytometry using a Cyto-
flex S flow cytometer (Beckman Coulter, CA, USA).

Growth of fecal bacteria in vitro

The bacteria isolated from the feces of control mice were
divided into three groups: 1% MAP, 1% MAP + fecal bac-
teria and fecal bacteria. The fecal bacteria were cultured in
basic carbon-free medium (50 mM sodium hydrogen phos-
phate, 50 mM potassium dihydrogen phosphate, 25 mM
ammonium sulfate, and 2 mM magnesium sulfate) with
or without 1% MAP. After 48 h of incubation in anaero-
bic chamber, the precipitation of each group of bacteria
was observed, and the concentration of bacterial DNA was
extracted to observe the change of bacterial number.

Growth curve of whole fecal microbiota in vitro

The fecal bacteria were diluted 1000 times with basic
carbon-free medium and transferred into 15 mL centrifu-
gal tubes. The bacteria were divided into 2% glucose, 2%
galactose, 0% MAP, 0.25% MAP, 0.5% MAP, and 1% MAP
groups, and then cultured in a bacterial incubator. The ODg3,
was determined with 200 pL of the bacterial solution at dif-
ferent times.

Detection of representative bacteria
in MAP-incubated fecal microbiota by qPCR

Our previous studies showed that MAP could affect the
intestinal microbiota of Bacteroides (BTE), Bacteroides
(BDE), Lactobacillus (LAC), Firmicutes (FIR), and Fuso-
bacterium (FUS). And then, the effect of 1% MAP on these
five microbiotas in vitro was investigated by qPCR. The
primers used were demonstrated in Table S1. The PCR
reaction system was: SYBR Green premix (Tiangen Biotech
(Beijing) Co. Ltd. Beijing, China) 12.5 pL, primers 2 pL,
and DNA template 1 pL, ddH,0O 9.5 pL. The conditions of
PCR reaction were as follows: (1) 95 °C 30 s; (2) a: 95 °C
5;b: 60 °C 20 s; c: 72 °C 30 s, in a total of 40 cycles; (3)
a:95°C605s;b:55°C30s;¢c:95°C30s.

Statistical and ecological analysis

Statistical differences among control, HFD, and HFD + MAP
treatment groups were analyzed using one-way analysis of
variance (ANOVA) followed by a post hoc multiple com-
parisons using Fisher’s least significant difference (LSD) ¢
test. Probability (P value) of less than 0.05 was regarded as
statistically significant.

Alpha-diversity analyses, including community diver-
sity parameter (Shannon), were calculated using the mothur
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software [15]. Beta diversity measurements, including gut
microbiota trees, were calculated as described [16], and
principal coordinate analyses (PCoA) based on OTU com-
positions were determined. Bacterial taxonomic distribu-
tions of sample communities were visualized using the R
package software.

Effects of MAP on body weight and food intake
in HFD-induced obese mice

As shown in Fig. 1a, after being fed with HFD for 4 weeks,
the body weight of mice in HFD group increased signifi-
cantly when compared with those in control group and lasted
until 12 weeks (P <0.05).

The body weight of mice in MAP group decreased sig-
nificantly, which was similar to that of control group on the
15th day of administration, with significant difference when
compared with that of HFD group (P <0.01) (Fig. 1b, c).

In comparison to that of HFD group, MAP treatment
made the mice eat less on the 9th and 12th day (P <0.05)
(Fig. 1d).

Effects of MAP on adipocytes morphology and liver
pathology, fat index, and blood lipid and glucose
metabolism in HFD-induced obese mice

HE staining (Fig. 2a—c) showed that compared with that of
control group, the size of adipocytes of mice in HFD group
increased; after 15 days of MAP intervention, the size of
adipocytes decreased, which was similar to that of control
group.

Figure 2d—f demonstrates that there were several large
fat vacuoles in the liver of HFD-treated mice; while just
only a few small fat vacuoles were observed in mice liver
of MAP group.

The results of fat index [adipose tissue/body weight
(g/100 g)] (Fig. 3a) showed that the weight of epididy-
mal adipose tissue (P <0.01) and perirenal adipose tissue
(P<0.01) of HFD-treated mice increased significantly com-
pared with those of control group; 15 days of MAP treat-
ment decreased epididymal adipose tissue (P <0.01), and
perirenal adipose tissue significantly (P <0.05).

Figure 3b and c shows that the serum TC level of mice in
HFD group increased significantly (P <0.01) and HDL-C/
TC level decreased significantly (P <0.05) compared
with those of control group. Fifteen days of MAP treat-
ment decreased the TC level (P <0.01) and the TG level
(P<0.05), and let the HDL-C/TC level return to the same
level as that of control group (P <0.05).

The results of GTT (Fig. 3d) showed that the blood glu-
cose level of mice in HFD group was higher than that of con-
trol group at the time points of 30 and 90 min after admin-
istration of 50% glucose (P <0.05). The blood glucose level
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of mice in HFD group was also higher than that of control
group at other time points; the blood glucose level of mice

in MAP-treated group had no significant difference when
compared with that of control group.
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Diversity analysis of a and dilution curve analysis each sample at different sequencing depths. The community

composition of each group was analyzed at the phyla and
Shannon index is one of the commonly used indices to genus levels. The gentle dilution curve (Fig. 4 and Table 1)
evaluate microbial alpha diversity. The larger the Shannon  indicates that the amount of sequencing data are sufficient
index is, the higher the diversity of the sample community  to reflect the diversity of most microorganisms in the sam-
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Table 1 Shannon index of gut

. . Group Shannon index
microbiota (mean + SD)
Control 0.97+0.15
HFD 0.46+0.14*
MAP 0.73+0.05*

*P<0.05 vs control; *P<0.05
vs HFD

intestinal tract of mice in each group tended to be flat with
the increase of sequencing depth, indicating that the amount
of sequencing data met the requirements. The dilution curve
also showed that the intestinal microbial diversity of mice in
HFD group was significantly reduced compared with that in
control group. MAP intervention could restore the intestinal
microbial diversity of mice to a certain degree.

Diversity analysis of B

Sample microbial f diversity was analyzed by sample hier-
archical cluster analysis and principal co-ordinates analysis
(PCoA). Sample hierarchical cluster analysis (Fig. 5a, b)
showed that control group and HFD group belonged to two
clusters. MAP group had higher similarity with the control
group at the phyla level and genus level.

PCoA analysis (Fig. 5¢) showed that the intestinal micro-
organisms of mice in HFD group were significantly different
from those of control group. The intestinal microorganisms
of mice in MAP group were different from those of HFD
group on the PC1 axis and closer to those of control group.

The results of p diversity (Fig. 5d) showed that MAP
could regulate intestinal microorganisms in HFD-induced
obese mice and made them close to those of control mice.

Community composition analysis

The results (Fig. Se and Table 2) showed that Firmicutes and
Bacteroides were two major phyla in the intestinal tract of
mice. Compared with those of control group, the abundance
of Firmicutes in the intestinal tract of mice in HFD group
increased significantly and the abundance of Bacteroides
decreased significantly (P <0.05). Compared with those of
HFD group, the abundance of Firmicutes in intestinal tract
of mice in MAP group decreased significantly (P <0.01),
and the abundance of Bacteroides increased significantly
(P <0.01). After the intervention of MAP, the abundance of
intestinal microorganisms in intestinal tract of mice restored
to the same level as that in the control group.

At genus level (Fig. 5f and Table 3), compared with those of
control group, the abundance of Lachnospiraceae_NK4A136_
group, unclassified_f _Lachnospiraceae, Anaerotruncus, and
Lachnospiraceae_UCG-006 increased, and the abundance
of norank_f__Bacteroidales_S24-7_group and Parvibacter

decreased in HFD group (P <0.05 or P<0.01). Compared
with those of HFD group, the abundance of norank_f__bac-
teroidales_S24-7_group, Bacteroides, and unclassified_o__
bacteroidales increased and the abundance of Intestinimonas
decreased in MAP group (P <0.05 or P<0.01).

Effects of MAP on T cells and macrophages
in adipose tissue of HFD-induced obese mice

Flow cytometric analysis (Fig. 6) showed that compared
with control group, the number of CD3* T cells (P <0.05)
and F4/80" macrophages (P <0.01) in adipose tissue of HFD
group increased; Compared with HFD group, the number of
CD3* T cells (P <0.001) and F4/80" macrophages (P < 0.05)
in adipose tissue of MAP group decreased.

Effect of MAP on the growth of fecal bacteria in vitro

After 48 h of incubation in anaerobic tank, the results showed
that there was no sediment at the bottom of the tube in 1%
MAP alone, a large amount of sediment at the bottom of the
tube in 1% MAP culture, and a small amount of sediment at
the bottom of the tube in the control tube (0% AP) (Fig. 7a).
MAP can be utilized by the whole fecal bacteria to a certain
extent and promoted the growth of fecal bacteria. In addition,
bacterial DNA was extracted from each treatment group, and
DNA concentration in 1% AP treatment was significantly
higher than that in 0% AP treatment (P <0.05) (Fig. 7b).

Effect of MAP on the growth curve of whole fecal
microbiota

The results of growth curve test (Fig. 8) showed that the
number of bacteria gradually increased after incubation for
32 h, and the growth curve moved up compared with that
of 0% MAP. After incubation for 71 h, the bacteria density
reached a stable state.

Effect of MAP on representative microbiota

The results of qPCR (Fig. 9) showed that the levels of BTE
(P<0.05), BDE (P<0.01), and LAC (P<0.01) in fecal
microbiota incubated by 1% MAP in vitro were significantly
higher than those in the control group, while the levels of
FUS (P <0.05) were significantly lower than those in the
control group.

Discussion
Obesity is the cause of many chronic diseases such as dia-

betes, cardiovascular disease, cancer, and so on. With the
improvement of living standards, people consume more
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Table 2 Composition difference test at phylum level of gut microbi-
ota (mean + SD, unit: %)

Group Firmicutes Bacteroidetes
Control 57.83+10.67 32.86+9.02

HFD 86.31 +6.06% 11.69 +6.00%*
MAP 67.41+2.67% 30.41+2.84%

*P<0.05 vs control; #P<0.01 vs HFD

energy than they need. Obesity has become a major health
problem that troubles people. According to statistics, the
number of obese people in China has surpassed that in the
United States ranking the first in the world, with 43.2 million

obese men and 46.4 million obese women [3]. However,
only orlistat is approved by China Food and Drug Adminis-
tration for clinical use in anti-obesity treatments, which is far
from meeting the needs of the market. The use of anti-obe-
sity drugs has also been limited because of a lack of efficacy,
poor long-term adherence rates and serious adverse effects.

In recent years, with the development of intestinal micro-
biota research, improving obesity by regulating intestinal
microbiota has become a new research and development
hotspot. The microbiota is a major player in energy harvest
and storage, as well as in a variety of metabolic functions,
including fermenting and absorbing undigested carbohy-
drates or providing vitamins and amino acids for the host
[17].

Table 3 Composition difference

Group Control HFD MAP
test at genus level of gut
microbiota (mean+SD, unit: %) norank_f _Bacteroidales_S24-7_group 17.120+4.308 4.332+4.652* 15.510+3.153"
unclassified_f__Lachnospiraceae 2.260+1.793 12.910+2.446%* 10.520+2.967
Bacteroides polymorpha 13.410+12.470 3.042+2.134 14.000 + 1.754%
Intestinimonas 0.279+0.336 0.727+0.088 0.308 +0.134%
unclassified_o__Bacteroidales 0.411+0.268 0.024 +0.021 0.326+0.113"
Parvibacter 0.126 +0.068 0.002 +0.003* 0.005+0.005
*P <0.05 vs control; **P <0.01 vs control; *P<0.05 vs HFD; #*P <0.01 vs HFD
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Fig.6 The effect of MAP on the ratio of T cells and macrophage cells
in adipose tissue of HFD-induced obesity mice. a The effect of MAP
on the ratio of T cells. a Control, b HFD; ¢ MAP; d ratio of CD3"
cells of all groups. *P <0.05 vs control; **P <0.001 vs HFD. b The

effect of MAP on the ratio of macrophage cells. a Control; b HFD;
¢ MAP; d ratio of F4/80" cells of all groups. **P<0.01 vs control;
#pP <0.01 vs HFD
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Fig.7 The effect of MAP on the growth of fecal bacteria. a General
observation of the effect of MAP on the proliferation of fecal bac-
teria; b DNA concentration of fecal bacteria. (mean+SD, n=3).
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Ridaura et al. [8] found co-housing mice harboring an
obese twin’s microbiota (Ob) with mice containing the
lean co-twin’s microbiota (Ln) prevented the development
of increased body mass and obesity-associated metabolic
phenotypes in Ob cagemates, suggesting that dysregula-
tion of bacterial microbiota could enhance obesity. Studies
have demonstrated that a Bifidobacterium CECT 7765 can
reduce serum cholesterol and TG in mice fed with HFD,

@ Springer

improve insulin resistance, regulate macrophage and den-
dritic cell function, and reduce inflammation. Chang et al.
[18] found that Ganoderma lucidum water extract can reduce
body weight, metabolic endotoxemia, and insulin resistance
by regulating intestinal microbiota disturbance and barrier
function in HFD-treated mice. In the current study, we
found that MAP could reduce HFD-induced obesity in mice,
decrease lipid accumulation in adipose tissue and liver, and
improve blood lipid level. MAP can significantly regulate
intestinal microbiota imbalance induced by HFD, restore the
disordered intestinal microbiota to a similar level as that of
control group, and reduce the number of T cells and mac-
rophages in adipose tissue.

Two groups of beneficial bacteria are dominant in the
human gut, the Bacteroidetes and the Firmicutes. The pro-
portion of Bacteroidetes is decreased in obese people when
compared with lean people, while this proportion increases
with weight loss [19].The relative abundance of the two pre-
dominant bacterial divisions in mice differs between lean
and obese animals: mice that are genetically obese have 50%
fewer Bacteroidetes, and correspondingly more Firmicutes,
than their lean siblings [20]. MAP incubation in vitro can
promote the growth of isolated normal fecal microbiota and
can be used by isolated normal fecal microbiota. The results
of qPCR showed that the number of Bacteroidetes (BTE),
Bacteroides (BDE), and Lactobacillus (LAC) increased sig-
nificantly in 1% MAP incubation group compared with 0%
MAP incubation group (P <0.01). The number of Fusobac-
terium (Fus) decreased significantly (P <0.05). In parallel
with the observation in vitro, the abundance of Firmicutes
in intestinal tract of MAP-treated mice decreased (P <0.01),
and the abundance of Bacteroides increased significantly
(P<0.01) (Figs. 4, 5e and Table 1), suggesting that MAP
may improve HFD-induced obesity, at least in part through
regulating the proportion of the Bacteroidetes and the
Firmicutes.

Evidences show that the microbiota may impact weight
gain and adiposity via several inter-connected pathways,
including energy harvest and production of microbial metab-
olites, through effects on inflammatory responses and on the
gut—brain axis.

One of the most important metabolic activities of micro-
biota is the production of short-chain fatty acids (SCFAs)
(acetate, propionate, and butyrate), through fermentation
of microbiota accessible, complex carbohydrates (MAC)
(e.g., oligosaccharides, resistant starch, and plant cell wall
materials) [21-23]. Absorbable SCFAs are important modu-
lators of gut health and immune function [24], intestinal
hormone production, and lipogenesis [25]. SCFAs can bind
to G protein-coupled receptors GPR41 and GPR43 to stimu-
late the secretion of appetite-suppressing hormones such as
glucagon-like peptide 1 (GLP-1), PYY, and cholecystokinin
(CCK), which can directly affect the hypothalamic nucleus
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group to reduce the activity of NPY/AgRP neurons, acti-
vate POMC neurons, and stimulate the appetite center to
send a satiety signal to reduce appetite. When the intesti-
nal microbiota is disturbed and the level of endocrine hor-
mones changes, it will affect the appetite center and lead
to excessive energy intake, eventually leading to obesity.
Psichas et al. [26] found that propionic acid can stimulate
intestinal secretion of PYY and GLP-1, thereby inhibiting
food intake in mice. Perry et al. [27] confirmed that after
HFD modified intestinal microecology, the amount of acetic
acid in intestine and plasma increased significantly, para-
sympathetic nervous system was activated, and insulin and
ghrelin secretion increased, which stimulated appetite and
induced obesity. SCFAs do not only play an important role
in the process of energy intake, but also are indispensable
in energy metabolism. The combination of SCFAs and G
protein-coupled receptor 43 (GPR43) can inhibit the activity
of adenylate cyclase (AC), suppress the conversion of ATP
to cAMP, thus increasing the ratio of ATP to cAMP, and
lead to the dephosphorylation of hormone-sensitive lipase
(HSL), resulting in the reduction of fat decomposition in
white adipose tissue and ultimately the reduction of free
fatty acids in plasma [28].

HFD treatment significantly reduced the level of acetic
and butyric acid compared with control (P <0.05). Isobu-
tyric acid in HFD-fed mice revealed the same tendency. In
addition, HFD significantly decreased total SCFAs com-
pared with control (P <0.05) (Fig. S1). MAP significantly
increased the concentration of total SCFAs compared with
HFD (P <0.05), mainly via the increment of acetic acid and
isobutyric acid. No obvious difference was observed in the
levels of propionic acid between HFD and MAP groups.
It seems that MAP reduced HFD-induced obesity partly
through regulating the levels of SCFAs.

HFD can lead to intestinal ecological disorders, intestinal
barrier dysfunction, and increased permeability. Lipopoly-
saccharide (LPS) is released into the blood and binds to
TLR4 on the cell membrane, activates AP-1 and NF-xB,
and then stimulates the transcription of inflammatory fac-
tors after AP-1 and NF-kB migrate to the cell nucleus. Cani
et al. [29] revealed the relationship between LPS and obe-
sity. They injected a low dose of LPS into mice fed normal
diet for 4 weeks, and the mice developed obesity. However,
knocking out LPS receptor CD14 and injecting LPS again do
not cause obesity in mice. It is suggested that obesity can be
induced when intestinal microbiota disorders are followed by
metabolic endotoxemia. Our preliminary mechanism study
showed that MAP could inhibit LPS-induced migration and
invasion of colon cancer cells [11]. In addition, an apple
oligogalactan could inhibit the expression of COX-2 by sup-
pressing LPS signal [30]. MAP may reduce HFD-induced
obesity through decreasing the production of LPS and sup-
pressing the activation of LPS/TLR-4 pathway.

Taken together, we then speculate that MAP first regu-
lated imbalance of the intestinal microbiota induced by HFD,
then influenced the levels of SCFAs and/or suppressed LPS/
TLR-4 pathway, and, finally, reduced HFD-induced obesity.

In summary, the results herein demonstrated the anti-
obesity effect of MAP on HFD-treated C57BL/6J mice. We
found MAP could decrease fat accumulation in adipose tis-
sue and liver, and improve blood lipid level. MAP can sig-
nificantly regulate HFD-induced intestinal microbiota imbal-
ance, and reduce the number of T cells and macrophages
in adipose tissue. The encouraging data and the precise
signaling pathway should remain to be further elucidated.
However, these results indicate that MAP has a potential in
treatment for obesity.
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