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Abstract

Background: Adiponectin and resistin are typically secreted by the adipose tissue and are abnormally expressed in
obesity. However, the underlying influential factors and mechanisms are to be elucidated. It is well known that the
expression of genes is regulated by epigenetics while gut microbiota participates in epigenetic processes through
its metabolites such as folate, biotin, and short-chain fatty acids (SCFAs). Therefore, we supposed that alteration of
gut microbiota might affect the transcriptional expression of adiponectin and resistin through epigenetic regulation
in obesity.

Methods: C57BL/6J mice were fed either a high-fat diet (34.9% fat by wt, 60% kcal) or a normal-fat diet (4.3% fat
by wt,, 10% kcal) for 16 weeks, with ampicillin and neomycin delivered via drinking water to interfere with gut
microbiota development. Fecal microbiota was analyzed by 16S rRNA high-throughput sequencing. The mRNA
expression levels of genes were measured by real-time quantitative RT-PCR. SCFA contents in feces were examined
using gas chromatography.

Results: Alteration of the gut microbiota induced by antibiotic use, characterized by a dramatic reduction of the
phylum Firmicutes and Actinobacteria and an increase of Proteobacteria with reductions of genera including
Lactobacillus, norank_f_Bacteroidales_S24-7_group, Alistipes, Desulfovibrio, Helicobacter, etc., and increases in
Bacteroides, Enterobacter, Klebsiella, inhibited the body weight gain in mice fed the high-fat diet instead of the
normal-fat diet. The mRNA expression of adiponectin and resistin was upregulated by antibiotic use in mice fed the
high-fat diet, accompanied by increased expression of fat oxidation and thermogenesis-related genes (PPAR-a, Pgc-
1a, and Atgl) in the fat and/or liver, whereas no change in the expression of adiponectin and resistin was found in
mice fed the normal-fat diet. Furthermore, antibiotic use reduced DNA methylation fractions of the adiponectin and
resistin promoters and downregulated the expression of DNA methyltransferase 1 and 3a (DNMT1 and DNMT3a)
with the high-fat diet feeding.
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Conclusion: Alteration of gut microbiota induced by antibiotic use may affect the expression of adiponectin and
resistin in mice fed the high-fat diet by modifying promoter DNA methylation, thus leading to increased fatty acid

oxidation and less body weight gain.
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Introduction

Obesity has become one of the most serious global pub-
lic health challenges of the twenty-first century, but the
underlying molecular etiologies and mechanisms still re-
main enigmatic [1]. Since the ob gene was cloned in
1994 and subsequently its product leptin, primarily
expressed in adipocytes, was found to have functions in
regulating satiety and energy metabolism [2—4], several
other adipokines including adiponectin and resistin have
been found and highlighted in obesity pathogenesis and
its associated complications [5, 6]. Adiponectin serves as
a protective factor to prevent obesity occurrence and/or
progression by suppressing inflammation, promoting
fatty acid oxidation, and improving insulin sensitivity [7,
8], while resistin is important in maintaining homeosta-
sis of insulin action, energy, glucose, and lipids [5, 6].
Studies from humans and animal models have demon-
strated that adiponectin expression is reduced in obesity
[7, 8], whereas the expressional change of resistin in
obesity is still in controversy owing to the influence of
several factors such as types of body fat deposition (cen-
tral or subcutaneous), genetic background, and gender
[9, 10].

In recent years, epigenetic patterns have been found to
participate in regulating the expression of genes associ-
ated with appetite, energy metabolism, adiposity, etc.
[11]. It has been reported that changes in epigenetic
modification of leptin and adiponectin genes are associ-
ated with occurrence of obesity and other metabolic dis-
eases [12-14]. Therefore, the accumulating evidence
shows that the recent rapid increase in obesity rates
could be explained by the epigenetic inheritance affected
by lifestyle and nutrition in the whole life cycle, which
include chemical stressors (metals, air pollution or
endocrine-disruptive chemicals such as bisphenol A,
etc.), unhealthy habits (tobacco, high alcohol intake,
sedentarism, etc.), pharmacological factors, and diet [15].

During the past decade, gut microbiota has been re-
ceived more attention because of its association with
noncommunicable chronic diseases (NCD) including
obesity, diabetes, and neurodegenerative diseases. It is
clear that gut microbiota, interacting with host genetic
and diet, facilitates an important role in regulating en-
ergy metabolism and fat storage [16—18]. In obesity, dis-
turbances in the gut microbiota and variations in the
ratio between the two major intestinal microbial phyla

(Firmicutes and Bacteroidetes) have been reported [16,
17] with conflicting results showing increase, reduction,
or no changes in the Firmicutes/Bacteroidetes ratio [16,
19-22]. Besides increasing the host’s ability to harvest
energy from the digested food, the disturbed microbiota
produces metabolites and microbial products such as
short-chain fatty acids (SCFAs) (acetate, propionate, bu-
tyrate, etc.), secondary bile acids, and lipopolysaccha-
rides, to modulate appetite, gut motility, energy storage,
and expenditure mediated by several pathways including
the G-protein-coupled receptor (GPR) targeted genes’
expression and associated metabolism [16—18]. As well,
the bioactive substances such as folate, biotin, and
SCFAs produced by the intestinal microorganisms par-
ticipate in epigenetic regulation on the associated genes’
expression, being one-carbon unit donors or potent in-
hibitors of histone deacetylases (HDACs) [23, 24].

Therefore, we hypothesized that changes in gut micro-
biota may affect the expression of adiponectin and resis-
tin in obesity, and the underlying mechanisms may be
involved in gene epigenetic modification. In this study,
using a high-fat diet-induced obese mouse model, we
determined the effects of alteration in gut microbiota
with antibiotic use on promoter methylation of adipo-
nectin and resistin and their resulted expression.

Materials and methods

Diets

A high-fat diet (34.9% fat by wt, 60% kcal) (No.
H10060) and a normal-fat diet (4.3% fat by wt., 10%
kcal) (No. H10010) were designed based on the formula
of diet-induced obesity (D12492) and the control for-
mula (D12450B) from the Research Diets, Inc. (New
Brunswick, NJ). The diets were manufactured by Beijing
Huafukang Bioscience Co. Inc. (Beijing, China) and
stored at — 20 °C until use.

Animals

Three- to 4-week-old male C57BL/6] mice were pur-
chased from Beijing Huafukang Bioscience Co. Inc.
(Beijing, China) and were housed at the animal facilities
under a 12 hour (h) light-12h dark cycle with cycles of
air ventilation and temperature and humidity controlled
and free access to water and food in the Institute of La-
boratory Animal Sciences, Chinese Academy of Medical
Sciences and Peking Union Medical College
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(CAMS&PUMC). After 1 week of recovery from trans-
portation, mice were randomly separated into four
groups: diet-induced obesity (DIO), DIO with antibiotics
(DIO-AB), normal control (NC), and NC with antibiotics
(NC-AB) (1 = 10 in each group). The DIO and DIO-AB
groups were maintained on the high-fat diet and the NC
and NC-AB groups were fed the normal-fat diet for 16
weeks. To interfere with gut microbiota, ampicillin (1 g/
L) and neomycin (0.5g/L) (Sigma-Aldrich) targeting
mainly gram-positive and gram-negative bacteria re-
spectively were delivered via drinking water as described
[25] to mice in the DIO-AB and NC-AB groups during
the whole feeding cycle. The body weight was measured
weekly for 16 weeks with records of food intake at 8, 12,
and 16 weeks after feeding and antibiotic intervention,
and the fresh stool samples were collected during the
week at 16 after feeding and stored at — 80 °C for later
microbiota analysis. At the end of feeding procedure, the
12-h fasted mice were anesthetized by intraperitoneal in-
jection of Avertin (125 mgkg™" of 2,2,2-tribromoethanol,
T-4840-2, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) to obtain blood samples by heart puncture,
and then euthanized by injection of an overdose of Aver-
tin (500 mg/kg) and decapitation to minimize suffering.
After euthanasia, the mouse epididymal fat and liver
were dissected free of the surrounding tissue, removed,
wrapped in aluminum foil, and frozen in liquid N,, and
then transferred to — 80 °C for use.

The animal experiments were performed from 08:00
to 12:00 to avoid the negative effects of over fasting on
targeted parameters. All experimental protocols
(N0.2017-01-bch) were approved by the Committee on
the Ethics of Institute of Laboratory Animal Sciences,
CAMS&PUMC, and in accordance with the Animals
(Scientific Procedures) Act, 1986 (UK) (amended 2013),
as well as the Guide for the Care and Use of Laboratory
Animals of National Administration Regulations on La-
boratory Animals of China. All sections of this report
adhere to the ARRIVE Guidelines for reporting animal
research (www.nc3rs.org.uk).

Biochemical and metabolic analysis in plasma and feces
Plasma concentrations of triglycerides and cholesterol
were assayed by enzymatic procedures, gliseril phospo
para amino phenazone (GPO-PAP), and cholesterol oxi-
dase p-aminophenol (COD-CE-PAP) using commercial
kits (Sichuan MAKER Science Tech. Co., Ltd., China).
SCFAs in feces were examined using gas chromatog-
raphy (GC) according to our previously described
method [26] on an Agilent 6890N GC system equipped
with a flame ionization detector (FID) and a high-
resolution gas chromatography column of 30 m x 0.25
mm i.d. coated with 1.40 pm film thickness (DB-624U]I,
J&W Scientific, Agilent Technologies Inc., USA).
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Histological analysis

Three samples from each group were randomly selected
for histological analysis. Specifically, about 30 mg of the
epididymal fat was fixed in 10% (volume/volume) for-
maldehyde for 48 h, and then sectioned with CryoStar
NX50 cryostat (8 um). The sections were picked up on a
glass slide and stained with hematoxylin-eosin (HE) by
professional technicians (Servicebio Science Tech. Co.,
Ltd, Wuhan, China). Then, stained sections were
scanned by a digital slide scanner (Pannoramice MIDI,
Hungary), and Case Reviewer software was used to take
photograph at appropriate magnification (x 100). Finally,
the Image-pro Plus software was used to quantitatively
analyze the size of fat cells.

Analysis of gene mRNA expression

Total RNA was extracted from about 80 mg of the epi-
didymal fat using the Trizol reagent (Invitrogen, Carls-
bad, CA, USA), and the cDNA was reversely transcribed
using the Quant Script RT Kit (Tiangen Biotech, Beijing,
China). The expressional mRNA levels of targeted genes,
adipokines (adiponectin and resistin), acetyl-CoA carb-
oxylase (Accl), adipose triglyceride lipase (Atgl), cell
death-inducing DNA fragmentation factor-alpha-like ef-
fector A (Cidea), fatty acid synthase (Fas), peroxisome
proliferator-activated receptor-alpha (PPAR-«), peroxi-
some proliferator-activated receptor-y coactivator la
(Pgc-1a), and three isoforms DNA methyltransferases
(DNMT 1, 3a, and 3b) were measured by the real-time
quantitative RT-PCR (CFX-96, Bio-Rad, USA) with B-
actin or glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) as the invariant internal control. The assays
were performed in triplicates, and the results were nor-
malized to the internal standard mRNA levels using the
27T method. The oligonucleotide primers for the tar-
geted genes were designed by Primer-Blast (http://www.
ncbi.nlm.nih.gov/tools/primer blast/) and shown in the
Supplementary Table S1. Furthermore, correlative ana-
lysis was conducted between the expression levels of adi-
ponectin and resistin and fecal contents of acetate,
propionate, and butyrate.

Bisulfite conversion and sequencing

Methylation of promoters of adiponectin and resistin
genes was analyzed by bisulfite sequencing according to
our previous method [15]. The genome DNA was iso-
lated and purified from the epididymal fat using a TIA-
Namp Genomice DNA Kit (Tiangen Biotech, Beijing,
China), and then the bisulfite conversion was performed
using the Methylamp™ DNA Modification Kit (Cat.
No. P-1001, Epigentek Group Inc. Brooklyn, NY). The
converted DNA was amplified by nested PCR using Taq
DNA Polymerase Master Mix (cat. no. KT201, Tiangen
Biotech Inc., Beijing, China) and specific primers for the
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adiponectin and resistin promoters, which were designed
using Methprimer software (Supplementary Table S2).
The examined promoter regions of adiponectin and
resistin were listed in the Supplementary Figure S1. The
adiponectin promoter includes nts 23145384-23146082
and spans 6 CpGs within nts -1162 to -494 (with respect
to the TSS), and the resistin promoter region includes
nts 3654370-3655769 and spans 18 CpGs within nts
-1450 to -113 (with respect to the TSS). The methylation
fraction was calculated from the amplitude of cytosine
and thymine within each CpG dinucleotide, C/
(C+T)*100.

Gut microbial profiling analysis

About 80 mg feces from each mouse were used to ex-
tract total bacterial DNA using a QIAamp DNA Stool
Mini Kit (cat. no. 51504, Qiagen, Germany) according to
the manufacture’s protocol. The DNA concentration was
measured by NanoDrop 2000 spectrophotometer
(Thermo Scientific, Wilmington, USA), and DNA purity
was evaluated by checking optical density ratio at 260/
280 nm as well as 1% agarose gel electrophoresis. Then,
the V3-V4 region of bacteria 16S rRNA gene was ampli-
fied by PCR and the resulted PCR products were ex-
tracted and quantified. Purified amplicons were pooled
in equimolar and paired-end sequenced (2 x 300) on an
[lumina MiSeq platform (Illumina, San Diego, USA) ac-
cording to the standard protocols by Majorbio Sanger
Bio-Pharm Technology Co. Ltd. (Beijing, China) [26].
Then, raw fastq files were demultiplexed, quality-filtered
by Trimmomatic, and merged by FLASH with the fol-
lowing criteria: (i) reads were truncated at any site re-
ceiving an average quality score < 20 over a 50 bp sliding
window; (ii) primers were exactly matched allowing 2
nucleotide mismatching, and reads containing ambigu-
ous bases were removed; and (iii) sequences whose over-
lap longer than 10bp were merged according to their
overlap sequence. Operational taxonomic units (OTUs)
were clustered with 97% similarity cutoff using UPARSE
(version 7.1 http://drive5.com/uparse/). Chimeric se-
quences were identified and removed using UCHIME.
The taxonomy of each 16S rRNA gene sequence was an-
alyzed by RDP Classifier algorithm (http://rdp.cme.msu.
edu/) against the Silva (SSU123) 16S rRNA database
using confidence threshold of 70%. According to the
cluster information, community richness parameters
(Ace and Chao) community diversity parameters (Shan-
non and Simpson) and sequences were calculated using
Mothur software. After phylogenetic allocation of the se-
quences down to the phylum, class, order, family, and
genus levels, the relative abundance of a given phylogen-
etic group was defined as the number of sequences affili-
ated with that group divided by the total number of
sequences per sample. Non-metric multidimensional
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scaling (NMDS) based on OTU compositions was deter-
mined using Qiime software for calculating the beta di-
versity distance matrix, and the R language vegan
software package for NMDS analysis. Linear discrimin-
ant analysis (LDA) effect size (LEfSe), which takes into
account both statistical significance and biological rele-
vance, was conducted to identify OTUs deferentially rep-
resented among the four groups. The non-parametric
factorial Kruskal-Wallis (KW) sum-rank test was used to
detect the significant difference in abundance, and LDA
was used to estimate the effect of abundance of each
component on the different effect [26].

Statistical analysis

Statistical analysis was performed with SPSS software
(version 17.0 for Windows). One-way analysis of vari-
ance (ANOVA) was performed to compare the means of
indexes among different groups with normally distrib-
uted data. Mann-Whitney U test and Wilcoxon signed-
rank test were used for assessing the data with the non-
normal distribution, and Dunnett’s T3 test was used for
analyzing the data lacking homogeneity of variance.
Then, the Student-Newman-Keuls (SNK) test was used
to determine where the differences exist between each
two groups. Linear relationships between the variables
were tested by Spearman’s correlations. P < 0.05 was
considered to be statistically significant.

Results

Antibiotic use inhibited body weight gain in the DIO mice
As shown in Fig. 1a, b, mice from the DIO and DIO-AB
groups had a much heavier weight than those from the
NC group with a higher food energy intake (P < 0.05).
With antibiotic use, mice in the DIO-AB group had 14%
less body weight gain after 16 weeks of feeding (P <
0.05) with no changes in food intake, compared to the
DIO group; whereas no differences in body weight
change were found between the NC-AB and NC groups,
although daily food intake was a little lower in the NC-
AB compared to the NC group (Fig. 1c). Histological
analysis showed smaller adipocyte size in the DIO-AB
group than that in the DIO group (P < 0.05), whereas no
differences in adipocyte size were shown between the
NC-AB and NC groups (Fig. 1d, e).

Antibiotic use affected plasma lipids

Compared to the DIO group (1.07 + 0.17 and 3.19 +
0.55 mmol/L), plasma triglyceride and total cholesterol
concentrations in the DIO-AB group (0.75 + 0.05 and
2.30 + 0.34 mmol/L) were reduced (P < 0.05), resulting
in their levels closer to the NC group (0.64 + 0.10 and
2.04 + 0.25 mmol/L). This was in keeping with the less
weight gain in DIO-AB mice. Plasma triglyceride con-
centration (0.49 + 0.11 mmol/L) in the NC-AB group
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Fig. 1 Effects of antibiotics on body weight gain in the high-fat diet-fed mice. Three to 4-week-old C57BL/6J male mice were fed a high-fat diet
to induce obesity (DIO group) for 16 weeks, with a normal-fat diet as control (NC group). Meanwhile, ampicillin (1 g/L) and neomycin (0.5 g/L)
were delivered via drinking water to mice fed the high-fat diet (DIO-AB group) and the normal-fat diet (NC-AB group). Antibiotic use lessened the
weight gain (a, b) with no changes in energy intake (c), and reduced adipocyte size (d, ). n = 10 in each group. Data are means + SD.
*Compared to the NC group, P < 0.05; “compared to the DIO group, P < 0.05

was lower than that in the NC group (P < 0.05), with no
change in total cholesterol concentration (1.75 + 0.27
mmol/L).

Antibiotic use dramatically altered gut microbiota
compositions

A dataset of 1,022,080 quality-filtered sequence reads
from 40 samples were generated, among which 100%
were assigned at the phylum level and 99.98%, 99.98%,
99.88%, and 97.34% at the class, order, family, and genus
levels, respectively. Taxonomy-based analysis of the
assigned sequences showed that fecal microbial compos-
ition of all mice with antibiotics or no antibiotics at the
phylum level was comprised of Firmicutes (average
33.00% or 0.76%), Bacteroidetes (51.08% or 43.25%), Pro-
teobacteria (11.63% or 41.12%), Verrucomicrobia (1.64%

Table 1 Characteristics of bacterial sequences in different groups

or 14.86%), Actinobacteria (1.91% or 0.01%), and others
(0.77% or 0.01%) (Fig. 3a—e). Both the bacterial richness
reflected by the Ace and Chao indexes and the bacterial
diversity expressed as Shannon and Simpson were de-
creased in antibiotic groups compared with the corre-
sponding controls (P < 0.05) (Table 1). Non-metric
multidimensional scaling (NMDS) analysis indicated that
the identified taxa from the DIO-AB and NC-AB groups
and the DIO and NC groups were successfully parti-
tioned into two distinct sections respectively at the
phylum or genus level (Fig. 3f, g), and the significant dif-
ferences were found by using the KW test analysis.
These data indicate that antibiotic use dramatically
changed the profiles of gut microbiota both in the
normal-fat or the high-fat diet feeding.

Sequences Diversity and richness

Valid Normalization OTU Coverage (%) Ace Chao Shannon Simpson
NC 381,500 300,670 3618 99.77 £ 0.00 404.73 £ 17.71 406.27 + 19.92 4.09 £ 0.14 0.04 + 001
NC-AB 385,442 300,670 654 99.89 + 0.00 143.14 + 37.31* 10887 £ 22.21* 200 + 0.14* 0.19 + 0.03*
DIO 372,402 300,670 3314 99.77 £ 0.00 380.34 + 19.30* 379.55 + 2348* 426 + 0.15* 003 + 0.01*
DIO-AB 365,196 300670 474 9991 + 000 120.19 + 4838** 87.36 + 30.22%* 1.57 £ 009+ 024 + 0.03**

Three to 4-week-old C57BL/6J male mice were fed a high-fat diet to induce obesity (DIO group) for 16 weeks, with a normal-fat diet as control (NC group).
Meanwhile, ampicillin (1 g/L) and neomycin (0.5 g/L) were delivered via drinking water to mice fed the high-fat diet (DIO-AB group) and the normal-fat diet (NC-
AB group). Fecal microbiota was analyzed by 16S rRNA high-throughput sequencing. The number of OTUs, coverage percentages, richness estimators (ACE and
Chao), and diversity indices (Shannon and Simpson) were calculated at 3% distance. n = 10 in each group. Data are means + SD

*Compared to the NC group, P < 0.05
*Compared to the DIO group, P < 0.05
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The patterns seen in microbial compositions were dis-
tinctly different between the antibiotic group and the
corresponding control group fed either the high-fat diet
or the normal-fat diet (Fig. 2a—e, Table 2). Both in the
normal-fat diet and the high-fat diet feeding, mice with
antibiotics had a greater increase in the proportion of
Proteobacteria and a little decrease in Bacteroidetes,
with loss of Firmicutes and Actinobacteria at the phylum
level, compared to those with no antibiotics (P < 0.05).
The proportion of Verrucomicrobia in mice with the
normal-fat diet feeding was greatly increased after anti-
biotic use (P < 0.05), whereas the reduced Verrucomi-
crobia in mice with high fat feeding was not affected by
antibiotic use. Analysis of bacterial groups at the genus
level showed that antibiotic use reduced proportions of
most genera including Faecalibaculum, Lactobacillus,
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Bifidobacterium, Desulfovibrio, Helicobacter, and Para-
sutterella either with the normal-fat diet or the high-fat
diet feeding (P < 0.05). However, the proportions of Bac-
teroides, Enterobacter, and Klebsiella were increased
both in the normal-fat and the high-fat feeding (P <
0.05) with a greater change in the high-fat feeding, and
the Escherichia-Shigella and Akkermansia were in-
creased only in mice with the normal-fat diet feeding (P
< 0.05).

To identify the bacterial taxa with sequences affected
by antibiotic use, a metagenomic biomarker discovery
approach (LEfSe) was applied to assess the effect size of
each differentially abundant taxon, and then LDA
coupled with effect size measurements were performed
to identify the most differentially abundant taxa and a
cladogram was generated. We found that a total of 92

Ruminococcaceae, Blautia, Alistipes, Odoribacter, taxa sequences were lost with an enrichment of 21 taxa
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Fig. 2 Effects of antibiotics on gut microbiota compositions. The mouse experimental procedure was the same as in Fig. 1. a-e Community bar-
plot analysis on the fecal microbiota compositions at the levels ranged from the phylum, class, order, and family to genus. f, g Bacterial
communities at the phylum and genus levels based on weighted UniFrac distance using the NMDS analysis. n = 10 in each group




Yao et al. Genes & Nutrition

(2020) 15:12

Table 2 Taxonomic classification of pyrosequences from bacterial communities at the phylum and genus levels
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NC NC-AB DIO DIO-AB
Firmicutes 30.87 £ 635 137 £ 081* 3512 £ 421 0.14 + 0.05*"
Faecalibaculum’ 645 + 3.21 0.00 + 0.00* 0.29 + 0.17* 0.00 + 0.00**
Lactobacillus’ 244 + 160 0.00 + 0.00* 232+253 002 + 001*
unclassified_f__Ruminococcaceae’ 239 + 140 0.00 + 0.00* 1.58 + 048 001 + 0.00%*
Ruminiclostridium" 225+ 060 0.01 £ 0.01* 1.93 £ 0.60 001 + 001¥*
Lachnospiraceae_NK4A136_group 1.89 + 0.64 0.00 + 0.01* 7.80 + 1.22% 001 + 001**
unclassified_f__Erysipelotrichaceae 151 £ 0.90 0.00 + 0.00* 0.03 £ 0.02* 0.00 + 0.00%*
norank_f__Clostridiales_vadinBB60_group 0.20 £ 0.09 1.21 £ 0.83% 028 £0.19 0.00 + 0.00%*
Oscillibacter 1.18 £ 042 0.00 £ 0.01* 179 £ 0.26 0.00 + 0.00%*
norank_f__Lachnospiraceae 114 £ 028 0.00 + 0.00* 1.75 £ 040 001 + 001**
Anaerotruncus 1.13 £ 043 0.00 + 0.00* 201 £ 0.82* 0.00 + 001%*
norank_f__Ruminococcaceae’ 111 £023 0.00 + 0.00* 211 £ 058* 0.00 + 0.00%*
Blautia 1.07 £ 092 0.00 + 0.00* 226 £ 1.65 001 +001*
H’um/'nococcaceae_UCG-O74T 1.07 + 067 0.00 + 0.00* 0.51 +0.27* 0.00 + 0.00%"
unclassified_f__Lachnospiraceae 093 +032 001 + 0.01* 342 + 067* 001 + 001*
Lachnoclostridium 0.64 = 0.20 0.00 + 0.00* 101 + 0.22* 0.00 + 0.00*%*
Bacteroidetes 49.12 £ 6.37 39.54 + 667* 53.03 +£7.02 46.96 + 5.67*
norank_f__Bacteroidales_S24-7_group 3562 + 425 9.89 + 6.39* 2435 + 2.72* 0.03 + 0.02**
Bacteroides 250 £ 2.16 2870 + 10.71* 425+ 1.62* 33.73 = 1088*"
Alistipes 503 £ 2.00 0.01 = 0.01* 11.69 + 2.88* 001 + 001*
Odoribacter 327 £ 206 0.00 £ 0.00* 718 £ 1.62% 001 + 001
Parabacteroides 0.79 £ 035 0.70 £ 0.56 081 +0.28 1317 + 7.14**
Rikenellaceae_RC9_gut_group 0.55 + 0.24 0.00 + 0.00% 2.14 +0.78% 0.00 + 0.00%"
Rikenella 0.80 £ 041 0.00 £ 0.00* 166 + 0.64* 0.00 + 0.00%*
Actinobacteria 349 £1.78 001 + 0.01* 032 + 0.15* 0.01 + 0.01*
Bifidobacterium’ 212+ 210 0.00 + 0.00* 0.01 £0.01* 0.00 + 0.00%*
Coriobacteriaceae_UCG-002 1.26 + 092 0.00 + 0.00* 021 +0.14* 0.00 + 0.00**
Proteobacteria 1254 + 737 29.35 + 3.70* 10.71 £ 5.55 5288 + 565*"
Enterobacter 0.05 £ 001 1392 + 4.02% 0.04 £ 0.03 2247 + 284*"
Klebsiella 0.03 £ 0.02 782 +223* 0.07 £ 0.06 30.00 + 4.21%*
Escherichia-Shigella 0.01 £ 0.01 757 £ 3.70% 0.02 = 0.03 0.00 + 0.00%*
Desulfovibrio 748 £ 3.85 0.00 + 0.00* 768 £ 3.26 002 + 002**
Helicobacter 295 + 487 0.00 £ 0.00* 283 +£239 001 + 001%*
Parasutterella 1.96 £ 059 0.00 + 0.00* 001 +0.01* 0.00 + 0.00*
Verrucomicrobia 323 £333 29.72 + 9.29*% 0.04 + 0.03* 0.00 + 0.00**
Akkermansia 323+333 29.72 £ 9.29* 0.04 £+ 0.03* 0.00 + 0.00%*

The mouse experimental procedure was the same as in Table 1. n = 10 in each group. Data are means + SD

*SCFA producing bacteria
*Compared to the NC group, P < 0.05
*Compared to the DIO group, P < 0.05

in the NC-AB group (Supplementary Figure S2), and 91
taxa sequences were lost with an enrichment of 15 taxa
in the DIO-AB group (Supplementary Figure S3).

Effects of alteration in gut microbiota by antibiotics on
fecal SCFAs and expression of adipokines

As shown in Fig. 3a, antibiotic use dramatically reduced
the contents of acetate, propionate, and butyrate (P <
0.05), being independent of the diet type (Fig. 3a). The
reduced mRNA expression of adiponectin and resistin in
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Fig. 3 Changes in fecal short-chain fatty acids with antibiotic use and their correlation with the mRNA expression of adipokines. The mouse
experimental procedure was the same as in Fig. 1. a Contents of acetate, propionate, and butyrate in the feces. b Expression of adipose
adiponectin and resistin. ¢ Correlation between adiponectin and SCFAs. d Correlation between resistin and SCFAs. n = 5-6 in each group. Data
are means + SD. *Compared to the NC group, P < 0.05; “compared to the DIO group, P < 0.05

the DIO group, as compared to the NC group, was ele-
vated by antibiotic use (P < 0.05), whereas no differences
in the two genes’ expression were found between the
NC-AB group and the NC group (Fig. 3b). Further ana-
lysis indicated that the adiponectin or resistin expression
was negatively correlated to the fecal contents of acetate,
propionate, and butyrate (P < 0.05) (Fig. 3¢, d).

Effects of alteration in gut microbiota by antibiotics on
the expression of fatty acid metabolism-associated genes
With antibiotic use in the high-fat diet feeding, the ex-
pression of fat hydrolysis and oxidation-associated genes
(Atgl, PPAR-a, Pgc-1a, and Cidea) in the fat (Fig. 4c—f)
and the expression of PPAR-a and Pgc-la in the liver
(Fig. 5e, f) were increased, being with reduced expression
of Accl and Cidea in the liver (Fig. 5a, c), as compared
to no antibiotic use (P < 0.05), whereas with antibiotic
use in the normal-fat diet feeding, the reduced expres-
sion of Accl and Fas both in the fat (Fig. 4a, b) and liver
(Fig. 5a, b) was found with an increased expression of
Pgc-la in the liver (Fig. 5f), compared to no antibiotic
use (P < 0.05).

Effects of alteration in gut microbiota by antibiotics on
DNA methylation of the adipokine promoters

In the DIO mice, a total of 5 and 8 CpG sites in the pro-
moters of adiponectin and resistin were hypermethylated
compared to the NC mice (P < 0.05). Analysis of anti-
biotic use showed that the averaged fractions of DNA
methylation in the promoters of adiponectin and resistin
in the DIO-AB mice had a declining trend compared
with the DIO mice. Targeting on specific CpG sites, the
methylated fractions in 4 CpG sites (sites 2, 4, 5, 6) at
the adiponectin promoter and 4 CpG sites (sites 5, 7, 9,
10) at the resistin promoter were reduced by approxi-
mately 5% to 10% in the DIO-AB mice compared to the
DIO mice (P < 0.05). Antibiotic use did not affect DNA
methylation in the promoters of adiponectin and resistin
in mice fed the normal-fat diet (Table 3). The mRNA
detection showed that, with antibiotic use, the expres-
sion of DNMT1 and DNMT3a in the fat was downregu-
lated in mice with the high-fat diet feeding (Fig. 4g, h),
and the DNMT4b was upregulated in mice with the
normal-fat diet feeding (Fig. 41) (P < 0.05).
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Discussion

The expression of adipokines including leptin, adiponec-
tin, and resistin is dysregulated in obesity and closely as-
sociated with secondary metabolic diseases [27].
However, the underlying mechanisms are unclear. In this
study, we demonstrated that modification of gut micro-
biota by ampicillin and neomycin intervention, charac-
terized by reduced richness and diversity with altered
proportions of the phyla and genera and elevated adi-
pose expression of adiponectin and resistin with DNA
hypomethylation in their promoters, produced inhibitive
effects on body weight gain in the high-fat diet-induced
obese mice.

Emerging studies have reported that obesity is closely
associated with disturbances in gut microbiota with a
loss of intestinal microbial diversity and compositional
changes characterized by a decrease in proportions of
the Bacteroidetes together with an increase of the

Firmicutes [19, 27, 28]. In the present study, no change
in proportions of Firmicutes and Bacteroidetes was
shown in the DIO mice, with a reduction of Actinobac-
teria and Verrucomicrobia. The conflicting results exist
owing to many variables involved, such as diet type, gen-
etic background, sample handing, sequencing tech-
niques, and data analysis tools, among others [17]. To
address the causality between gut microbiota and dis-
eases, antibiotic treatment and germ-free mice have been
conducted [25, 29-32]. It has been demonstrated that
antibiotic treatment modifies changes in bile acid and
inflammatory signaling, insulin resistance, and glucose
and fatty acid metabolism driven by a high-fat diet in
mice [29, 30], and these effects are not caused by antibi-
otic’s direct effects but rather by derived changes in the
gut microbiota [33]. However, inconsistent results are
reported that interfering with a resilient adult microbiota
by antibiotics had no clinically relevant short-term and
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long-term effects on several metabolic parameters [34], between antibiotic treatment and weight gain and associ-
whereas antibiotic use in childhood altered the gut ated metabolism from both human and animal studies
microbiota which was integrally involved in the long- may be due to differences in antibiotic dose, class, period
term metabolic programming, predisposing to over- of exposure, and ways of administration [31].

weight and obesity [35]. The inconsistency in correlation

Table 3 Quantitative methylation analysis of the adipokine promoters
Adiponectin  CG2 CG3 CG4 CG5 CG6 Average

NC 796+ 724+ 828+ 776+ 698+ 764=%
2.7 44 1.0 4.1 24 53

NC-AB 812+ 754+ 834+ 7767+ 6/0+ 767+
43 48 2.2 1.1 57 6.3

DIO 839+ 804+ 907+ 840+ 759+ 830=
4.4% 29* 2.8* 1.5% 2.8* 54

DIO-AB 795+ 782+ 862+ 795+ 690+ 785+
43" 3.2% 39 43" 26" 6.2

Resistin CG2 CG3 CG5 CG6 cG7 cG8 CcGo CG10 CG11 CG12 CG13 CG14 CG15 CG16 Average

NC 793+ 907+ 790+ 869+ 682+ 802+ 726+ 743+ 655+ 565+ 733+ 784+ 748+ 762+ 754+
73 33 48 34 46 29 45 40 42 20 6.8 87 47 920 85

NC-AB 816+ 902+ 816+ 853+ 711+ 767+ 768+ 775+ 677+ 564+ 804+ 804+ 773+ 807+ 774+
59 46 39 34 5.1 40 53 21 38 20 78 134 52 85 82

DIO 911+ 934+ 878+ 868+ 757+ 809+ 790+ 829+ 695+ 559+ 851+ 888+ 835+ 785+ 814+
38 49 54% 55 6.2% 75 20 55% 66 13 64*  63% 84* 6.0 9.7

DIO-AB 846+ 913+ 804+ 859+ 680+ 795+ 750+ 745+ 723+ 584+ 797+ 873+ 757+ 741+ 776+
6.9 46 69" 12 5.2 6.5 28" 56" 6.1 3.1 75 59 10.2 49 85

Genomic DNA isolated from epididymal fat was analyzed for the methylation of CpG sites at the indicated positions in the promoters of adiponectin and resistin
genes spanning nucleotides -1162 to -494 and -1450 to -113 respectively, relative to the TSS. The methylation fraction was calculated from the amplitude of
cytosine and thymine within each CpG dinucleotide, C/(C+T)*100. The result for each CpG site is represented as the means + SD. n = 10 in each group
*Compared to the NC group, P < 0.05

#Compared to the DIO group, P < 0.05
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In keeping with Suarez-Zamorano’s report that micro-
biota depletion stimulates beige fat development and re-
duces obesity [30], our study demonstrated that
antibiotic treatment to mice during the whole feeding
process had a suppression of body weight gain in mice
with the high-fat diet feeding. Concomitantly, the ex-
pression of adiponectin and resistin and genes associated
with beta oxidation and thermogenesis (PPAR-«, Pgc-
la, and Atgl) was upregulated, and the expression of fat
synthesis associated genes (Accl and Fas) was downreg-
ulated in the adipose tissue and/or liver. Changes in the
expression of genes associated with fat metabolism
might be resulted from increased expression of adipo-
nectin in the fat, which upon binding to its receptors ini-
tiates a series of tissue microenvironment-dependent
signal transduction events, including phosphorylation of
adenosine monophosphate (AMPK) and increased
PPAR« ligand activity, and further stimulates fatty acid
oxidation in skeletal muscle [36]. Whether the expres-
sion of these genes was involved in the resistin expres-
sion needs further investigation because the resistin
expression in obesity has been in controversy, and
in vitro treatment with resistin leads to a reduction in
the rate of cellular fatty acid oxidation [37, 38]. In
addition, we found that the expression of Cidea in the
liver was upregulated by the high-fat diet, and antibiotic
use reduced its expression, and this might result in less
hepatic lipid droplet formation and storage because the
highly expressed Cidea in the liver of mice is associated
with hepatic steatosis under the high-fat diet feeding
[39, 40].

Although each class of antibiotics induces different al-
terations to the gut microbiota compositions, a reduc-
tion of phylum Firmicutes and an increase of
Proteobacteria with Bacteroides were reported by most
studies together with reduction of genera Lactobacillus
and Bifidobacterium [29-31]. Similarly, in our study,
with mice fed the high-fat diet, the use of ampicillin and
neomycin dramatically reduced proportions of the Fir-
micutes and Actinobacteria with an increase of Proteo-
bacteria and genera Bacteroides, leading to a reduction
of body weight with a higher beta oxidation and thermo-
genesis. Consistently, in Fujisaka’s study, treatment by
vancomycin or metronidazole abolished the proportion
of Bacteroidetes with a reduction of Firmicutes and an
increase of Proteobacteria, which improved glucose me-
tabolism and insulin signaling in B6]J mice [29]. Sudrez-
Zamorano et al. reported that similar effects in improv-
ing the tolerance to glucose, sensitivity to insulin, in-
creased browning, and thermogenic capacity were
produced by a total of nine antibiotics including neomy-
cin, streptomycin, penicillin, vancomycin, metronidazole,
bacitracin, ciprofloxacin, ceftazidime, and gentamycin
administrated to the obese mice [30]. Interestingly, in
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this study with the high-fat diet feeding, antibiotic-
induced alterations in the phylum Proteobacteria and
the subordinated genera Parabacteroides, Enterobacter,
Klebsiella, Escherichia-Shigella, and Akkermansia, being
different from those with the normal-fat diet feeding,
might be responsible for changes in the expression of
adipokines and associated genes and the less weight
gain.

The disturbed adipokine expression in obesity is pri-
marily attributable to a failure of transcriptional regula-
tion, which may be influenced by multiple factors
including diets, adipocyte hypertrophy, inflammation,
and oxidative stress [11, 41]. In recent years, it has been
verified that epigenetic changes including DNA methyla-
tion are the key players in governing gene expression in-
dependently of modulating expression of transcription
factors [42, 43] and play important roles in the tran-
scriptional dysregulation of obesity associated genes’ ex-
pression [11, 41]. The results presented here suggested
that the reduced mRNA expression of adiponectin and
resistin might be the result of DNA hypermethylation in
their promoters and increased expression of DNMT1 in
the DIO mice. This is consistent with Kim’s report that
DNA hypermethylation of a particular region of the adi-
ponectin promoter suppressed adiponectin expression
through epigenetic control mediated by a higher
DNMT1 expression and, in turn, exacerbated metabolic
complications in obesity [12]. However, the expression
of resistin and its epigenetic modification are still in con-
troversy [34—46]. Kim et al. found that, in the DIO rats,
the expression levels of different genes in adipose tissue
including resistin were upregulated [45], whereas
Nowacka-Woszuk reported reduction in the resistin ex-
pression in the DIO rats, and no correlation of DNA
methylation with transcript levels were observed [46].

The underlying mechanisms by which antibiotic use
modified the mRNA expression of adiponectin and resis-
tin might be involved in the altered gut microbiota,
which produces low molecular weight substances such
as folate, biotin, and SCFAs that potentially modulate
signaling pathways and regulate gene expression by epi-
genetic modifications including DNA methylation, his-
tone modification, and non-coding RNAs [23, 24, 47,
48]. SCFAs are considered to protect against diet-
induced obesity by anti-inflammatory potential and in-
hibition of adipose tissue expansion, with butyrate and
propionate being more efficient than acetate [49, 50]. It
has been found that fecal SCFAs and plasma acetate
contents in the high-fat diet-fed mice significantly de-
creased compared with those in the normal-fat diet-fed
mice, presumably due to the replacement of carbohy-
drate with fat in the high-fat diet, which reduced SCFA
production by gut microbiota [51]. In contrast, a higher
SCFA content in feces of obese humans was found and a
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higher concentration of butyrate and acetate was mea-
sured in the caeca of obese mice [52, 53]. Nonetheless,
previously, we have demonstrated that the lower mRNA
levels of adiponectin and resistin in obese mice can be
reversed to normal range by dietary supplementation of
SCFAs, and these effects may be involved in epigenetic
modifications through directly reducing the expression
of DNMT1, DNMT 3a, and DNMT3b and suppressing
the binding of these enzymes to the promoters of adipo-
nectin and resistin [54]. In the present study, with anti-
biotic use, fecal SCFA contents were reduced due to the
reduction of SCFA-producing bacteria including the
phylum Firmicutes and the genera of Faecalibaculum,
Ruminococcaceae, Lactobacillus, and Bifidobacterium
[55, 56], which was not concomitant with the reduced
methylation fractions of CpG sites at the promoters of
adiponectin and resistin and the downregulated DNMT1
expression in the high-fat diet feeding. To note, other
bioactive compounds may contribute to these adipo-
kines” DNA methylation. The lessened proportions of
Bifidobacterium and Lactobacillus after antibiotic use in
this study might result in less production of B vitamins
including folate [23, 48], thus probably leading to hypo-
methylation of genome DNA including the adiponectin
and resistin genes.

Conclusion

Alteration of gut microbiota by antibiotic use had bene-
ficial effects on the expression of adiponectin and resis-
tin in the high-fat diet-induced obese mice through
modifying DNA methylation of their promoters. These
changes in adipokines might promote the beta oxidation
and thermogenesis and inhibit fat synthesis by regulating
related genes’ expression, thus leading to the less body
weight gain with the high-fat diet feeding.
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Supplementary Table S1. Sequences of primers used for RT-PCR.

Supplementary Table S2. Bisulfite sequencing primers and annealing
temperature in this study

Supplementary Figure S1. Regions of the mouse adiponectin and
resistin promoters. The CG dinucleotides, assigned to each of the
analyzed CGs, were marked and numbered on the top right. (A) The
adiponectin promoter sequence with two regions spanning nucleotides
-1162 to -455. (B) The resistin promoter sequence with three regions
spanning nucleotides -1450 to -113.

Supplementary Figure S2. Comparison of relative abundance through
cladogram analysis and LDA score between mice in the NC and NC-AB
group. LEfSe identifies the most differentially abundant taxa between
mice of the NC and NC-AB groups at the level from phylum to genus. A:
Cladogram representations of data are shown in panels. The size of each
dot is proportional to its effect size. Only taxa meeting an LDA significant
threshold of >3 are shown. The decreased abundance of 92 taxa and the
increase abundance of a total of 21 taxa could be used to discriminate
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effects of antibiotic use in mice with normal fat feeding. The size of each
dot is proportional to its effect size. B: The NC group enriched taxa are re-
spectively indicated with a positive LDA score (red), and taxa enriched in
the NC-AB group have a negative score (blue). Red color, the NC group-
enriched taxa; blue color, the NC-AB group-enriched taxa.

Supplementary Figure S3. Comparison of relative abundance through
cladogram analysis and LDA score between mice in the DIO and DIO-AB
group. LEfSe identifies the most differentially abundant taxa between
mice of the DIO and DIO-AB groups at the level from phylum to genus.
A: Cladogram representations of data are shown in panels. The size of
each dot is proportional to its effect size. Only taxa meeting an LDA sig-
nificant threshold of >3 are shown. The decreased abundance of 91 taxa
and the increase abundance of a total of 15 taxa could be used to dis-
criminate effects of antibiotic use in mice with high fat feeding. The size
of each dot is proportional to its effect size. B: The DIO group enriched
taxa are respectively indicated with a positive LDA score (red), and taxa
enriched in the DIO-AB group have a negative score (blue). Red color,
the DIO group-enriched taxa; blue color, the DIO-AB group-enriched taxa.

Abbreviations

Accl: Acetyl-CoA carboxylase 1; Atgl: Adipose triglyceride lipase; DIO: Diet-
induced obesity; DNMT: DNA methyltransferases; Fas: Fatty acid synthase;
GPRs: G protein-coupled receptors; HDACs: Histone deacetylases;

LPS: Lipopolysaccharides; NCD: Noncommunicable chronic diseases;

OTUs: Operational taxonomic units; Pgc-1a: Peroxisome proliferator-activated
receptor-y coactivatorl alpha; PPAR-a: Peroxisome proliferator-activated
receptor-alpha; SCFAs: Short-chain fatty acids

Authors’ contributions

H.Y. carried out mouse feeding, the mRNA expression and DNA methylation
experiments and fecal DNA extraction, and participated in the statistical
analysis. CF, Y.L, and LX. participated in the mRNA expression and DNA
methylation experiments. X.F,, P.L, and T.T. performed the microbial
community analysis and participated in the statistical analysis. RW.
performed the fecal SCFA examination. Y.W. participated in mouse feeding
and the mRNA expression experiments. KQ. conceived the study and
participated in its design, conduction, and coordination. The paper was
written by H.Y. and KQ. All authors reviewed and commented on the
manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (to KQ. No.81670775), the Nutricia Research Foundation (The
Netherlands, grants 2014-07, 2015-E2 to KQ)), the Research Funds of Profes-
sion Quota Budget from Beijing Municipal Science and Technology Commis-
sion (2017-bjsekyjs to KQ.), and Funds for High-Level Technical Talents in the
Beijing Health System (Discipline Backbone 2009-3-40 to KQ,).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate

All animal experimental protocols (No.2017-01-bch) were approved by the
Committee on the Ethics of Institute of Laboratory Animal Sciences,
CAMS&PUMC.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no conflict of interest.

Author details

'Laboratory of Nutrition and Development, Beijing Pediatric Research
Institute, Beijing Children’s Hospital, Capital Medical University, National
Center for Children’s Health, Beijing 100045, China. 7Department of Child
Health Care Center, Beijing Children’s Hospital, Capital Medical University,
National Center for Children’s Health, Beijing 100045, China. *Department of


https://doi.org/10.1186/s12263-020-00671-3
https://doi.org/10.1186/s12263-020-00671-3

Yao et al. Genes & Nutrition (2020) 15:12

Diet and Nutrition, Beijing Children’s Hospital, Capital Medical University,
National Center for Children’s Health, Beijing 100045, China.

Received: 18 February 2020 Accepted: 16 June 2020
Published online: 26 June 2020

References

1. Gregg EW, Shaw JE. Global health effects of overweight and obesity. N Engl
J Med. 2017;377:80-1. https://doi.org/10.1056/NEJMe 1706095.

2. Friedman J. 20 years of leptin: leptin at 20: an overview. J. Endocrinol. 2014;
223:T1-8. https://doi.org/10.1530/JOE-14-0405.

3. Gautron L, EImquist JK. Sixteen years and counting: an update on leptin in
energy balance. J. Clin. Invest. 2011;121:2087-93. https://doi.org/10.1172/
JCl45888.

4. Bjorbaek C. Central leptin receptor action and resistance in obesity. J
Investig Med. 2009;57:789-94. https://doi.org/10.2310/JIM.
0b013e3181bb0d49.

5. McTernan CL, McTernan PG, Harte AL, Levick PL, Barnett AH, Kumar S.
Resistin, central obesity, and type 2 diabetes. Lancet. 2002;359:46-7. https://
doi.org/10.1016/50140-6736(02)07281-1.

6.  Ribot J, Rodriguez AM, Rodriguez E, Palou A. Adiponectin and resistin
response in the onset of obesity in male and female rats. Obesity (Silver
Spring, Md.). 2008;16:723-30. https.//doi.org/10.1038/0by.2008.113.

7. Nigro E, Scudiero O, Monaco ML, Palmieri A, Mazzarella G, Costagliola C,
Bianco A, Daniele A. New insight into adiponectin role in obesity and
obesity-related diseases. Biomed Res Int. 2014,2014:658913. https://doi.org/
10.1155/2014/658913.

8. Tam J, Godlewski G, Earley BJ, Zhou L, Jourdan T, Szanda G, Cinar R, Kunos
G. Role of adiponectin in the metabolic effects of cannabinoid type 1
receptor blockade in mice with diet-induced obesity. Am J Physiol
Endocrinol Metab. 2014;306:E457-68. https://doi.org/10.1152/ajpendo.00489.
2013.

9. Mostafazadeh M, Haiaty S, Rastqar A, Keshvari M. Correlation between
resistin level and metabolic syndrome component: a review. Horm Metab
Res. 2018;50:521-36. https://doi.org/10.1055/a-0637-1975.

10.  Maebuchi M, Machidori M, Urade R, Ogawa T, Moriyama T. Low resistin
levels in adipose tissues and serum in high-fat fed mice and genetically
obese mice: development of an ELISA system for quantification of resistin.
Arch Biochem Biophys. 2003;416:164-70. https://doi.org/10.1016/50003-
9861(03)00279-0.

11, van Dijk SJ, Tellam RL, Morrison JL, Muhlhausler BS, Molloy PL. Recent
developments on the role of epigenetics in obesity and metabolic disease.
Clin epigenetics. 2015;7:66. https.//doi.org/10.1186/513148-015-0101-5.

12. Greenhill C. Epigenetics: Obesity-induced hypermethylation of adiponectin
gene. Nat Rev Endocrinol. 2015;11:504. https://doi.org/10.1038/nrendo.2015.
116.

13. Houde AA, Legare C, Biron S, Lescelleur O, Biertho L, Marceau S, Tchernof A,
Vohl MC, Hivert MF, Bouchard L. Leptin and adiponectin DNA methylation
levels in adipose tissues and blood cells are associated with BMI, waist girth
and LDL-cholesterol levels in severely obese men and women. BMC Med
Genet. 2015;16:29. https://doi.org/10.1186/512881-015-0174-1.

14. Shen W, Wang C, Xia L, Fan C, Dong H, Deckelbaum RJ, Qi K. Epigenetic
moadification of the leptin promoter in diet-induced obese mice and the
effects of N-3 polyunsaturated fatty acids. Sci Rep. 2014;4:5282. https://doi.
0rg/10.1038/srep05282.

15. Obri A, Serra D, Herrero L, Mera P. The role of epigenetics in the
development of obesity. Biochem Pharmacol. 2020;177:113973. doi: https://
doi.org/10.1016/j.bcp.2020.113973. Online ahead of print.

16. Million M, Lagier JC, Yahav D, Paul M. Gut bacterial microbiota and obesity.
Clin. Microbiol. Infect. 2013;19:305-13. https://doi.org/10.1111/1469-0691.
12172.

17. Krajmalnik-Brown R, Ilhan ZE, Kang DW, DiBaise JK. Effects of gut microbes
on nutrient absorption and energy regulation. Nutr Clin Pract. 2012,27:201-
14. https://doi.org/10.1177/0884533611436116.

18. Heiss CN, Olofsson LE. Gut microbiota-dependent modulation of energy
metabolism. J Innate Immun. 2018;10:163-71. https://doi.org/10.1159/
000481519.

19. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut
microbes associated with obesity. Nature. 2006;444:1022-3. https://doi.org/
10.1038/4441022a.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 13 of 14

Mai V, McCrary QM, Sinha R, Glei M. Associations between dietary habits
and body mass index with gut microbiota composition and fecal water
genotoxicity: an observational study in African American and Caucasian
American volunteers. Nutr J. 2009,8:49. https://doi.org/10.1186/1475-2891-8-
49.

Duncan SH, Lobley GE, Holtrop G, Ince J, Johnstone AM, Louis P, et al.
Human colonic microbiota associated with diet, obesity and weight loss. Int
J Obes (Lond). 2008;32:1720-4. https://doi.org/10.1038/ij0.2008.155.

Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y, Parameswaran
P, Crowell MD, Wing R, Rittmann BE, Krajmalnik-Brown R. Human gut
microbiota in obesity and after gastric bypass. Proc Natl Acad Sci USA. 2009;
106:2365-70. https://doi.org/10.1073/pnas.0812600106.

Remely M, Haslberger AG. The microbial epigenome in metabolic
syndrome. Mol Aspects Med. 2017,54:71-7. https://doi.org/10.1016/j.mam.
2016.09.003.

Paul B, Barnes S, Demark-Wahnefried W, Morrow C, Salvador C, Skibola C,
Tollefsbol TO. Influences of diet and the gut microbiome on epigenetic
modulation in cancer and other diseases. Clin Epigenetics. 2015;7:112.
https://doi.org/10.1186/513148-015-0144-7.

Carvajal-Aldaz DG, Guice JL, Guice JL, Page RC, Raggio AM, Martin RJ,
Husseneder C, Durham HA, Geaghan J, Janes M, Gauthier T, Coulon D,
Keenan MJ. Simultaneous delivery of antibiotics neomycin and ampicillin in
drinking water inhibits fermentation of resistant starch in rats. Mol Nutr
Food Res. 2017,61:10.1002. https://doi.org/10.1002/mnfr.201600609.

Li P, Tang T, Chang X, Fan X, Chen X, Wang R, Fan C, Qi K. Abnormality in
maternal dietary calcium intake during pregnancy and lactation promotes
body weight gain by affecting the gut microbiota in mouse offspring. Mol
Nutr Food Res. 2019; 63(5): 1800399(1-13). doi:10.1002/mnfr.201800399.
Mathur R, Barlow GM. Obesity and the microbiome. Expert Rev
Gastroenterol Hepatol. 2015;9:1087-99. https.//doi.org/10.1586/17474124.
2015.1051029.

Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI.
Obesity alters gut microbial ecology. Proc Natl Acad Sci USA. 2005;102:
11070-5. https://doi.org/10.1073/pnas.0504978102.

Fujisaka S, Ussar S, Clish C, Devkota S, Dreyfuss JM, Sakaguchi M, Soto M,
Konishi M, Softic S, Altindis E, Li N, Gerber G, Bry L, Kahn CR. Antibiotic
effects on gut microbiota and metabolism are host dependent. J. Clin.
Invest. 2016;126:4430-43. https://doi.org/10.1172/JCI86674.
Suarez-Zamorano N, Fabbiano S, Chevalier C, Stojanovi¢ O, Colin DJ,
Stevanovic¢ A, Veyrat-Durebex C, Tarallo V, Rigo D, Germain S, llievska M,
Montet X, Seimbille Y, Hapfelmeier S, Trajkovski M. Microbiota depletion
promotes browning of white adipose tissue and reduces obesity. Nat. Med.
2015;21:1497-501. https://doi.org/10.1038/nm.3994.

lizumi T, Battaglia T, Ruiz V, Perez Perez Gl. Gut microbiome and antibiotics.
Arch Med Res. 2017;48:727-34. https://doi.org/10.1016/j.arcmed.2017.11.004.
Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF,
Gordon JI. The gut microbiota as an environmental factor that regulates fat
storage. Proc Natl Acad Sci USA. 2004;101:15718-23. https://doi.org/10.1073/
pnas.0407076101.

Jess T. Microbiota, antibiotics, and obesity. N Engl J Med. 2014;371:2526-8.
https://doi.org/10.1056/NEJMcibr1409799.

Geach T. Gut microbiota: antibiotics do not affect metabolism in obesity.
Nat Rev Endocrinol. 2016;12:558. https://doi.org/10.1038/nrendo.2016.125.
Korpela K, de Vos WM. Antibiotic use in childhood alters the gut microbiota
and predisposes to overweight. Microb Cell. 2016;3:296-8. https://doi.org/
10.15698/mic2016.07.514.

Fang H, Judd RL. Adiponectin regulation and function. Compr Physiol. 2018;
8:1031-63. https.//doi.org/10.1002/cphy.c170046.

He F, Jin JQ, Qin QQ, Zheng YQ, Li TT, Zhang Y, He JD. Resistin regulates
fatty acid B oxidation by suppressing expression of peroxisome proliferator
activator receptor gamma-coactivator 1a (PGC-1a). Cell Physiol Biochem.
2018;46:2165-72. https://doi.org/10.1159/000489546.

lkeda Y, Tsuchiya H, Hama S, Kajimoto K, Kogure K. Resistin affects lipid
metabolism during adipocyte maturation of 3T3-L1 cells. FEBS J. 2013;280:
5884-95. https//doi.org/10.1111/febs.12514.

Zhou L, Xu L, Ye J, Li D, Wang W, Li X, Wu L, Wang H, Guan F, Li P. Cidea
promotes hepatic steatosis by sensing dietary fatty acids. Hepatology. 2012;
56:95-107. https://doi.org/10.1002/hep.25611.

Jinno Y, Nakakuki M, Sato A, Kawano H, Notsu T, Mizuguchi K, Shimano H.
Cide-a and Cide-c are induced in the progression of hepatic steatosis and


https://doi.org/10.1056/NEJMe1706095
https://doi.org/10.1530/JOE-14-0405
https://doi.org/10.1172/JCI45888
https://doi.org/10.1172/JCI45888
https://doi.org/10.2310/JIM.0b013e3181bb0d49
https://doi.org/10.2310/JIM.0b013e3181bb0d49
https://doi.org/10.1016/s0140-6736(02)07281-1
https://doi.org/10.1016/s0140-6736(02)07281-1
https://doi.org/10.1038/oby.2008.113
https://doi.org/10.1155/2014/658913
https://doi.org/10.1155/2014/658913
https://doi.org/10.1152/ajpendo.00489.2013
https://doi.org/10.1152/ajpendo.00489.2013
https://doi.org/10.1055/a-0637-1975
https://doi.org/10.1016/s0003-9861(03)00279-0
https://doi.org/10.1016/s0003-9861(03)00279-0
https://doi.org/10.1186/s13148-015-0101-5
https://doi.org/10.1038/nrendo.2015.116
https://doi.org/10.1038/nrendo.2015.116
https://doi.org/10.1186/s12881-015-0174-1
https://doi.org/10.1038/srep05282
https://doi.org/10.1038/srep05282
https://doi.org/10.1016/j.bcp.2020.113973
https://doi.org/10.1016/j.bcp.2020.113973
https://doi.org/10.1111/1469-0691.12172
https://doi.org/10.1111/1469-0691.12172
https://doi.org/10.1177/0884533611436116
https://doi.org/10.1159/000481519
https://doi.org/10.1159/000481519
https://doi.org/10.1038/4441022a
https://doi.org/10.1038/4441022a
https://doi.org/10.1186/1475-2891-8-49
https://doi.org/10.1186/1475-2891-8-49
https://doi.org/10.1038/ijo.2008.155
https://doi.org/10.1073/pnas.0812600106
https://doi.org/10.1016/j.mam.2016.09.003
https://doi.org/10.1016/j.mam.2016.09.003
https://doi.org/10.1186/s13148-015-0144-7
https://doi.org/10.1002/mnfr.201600609
https://doi.org/10.1586/17474124.2015.1051029
https://doi.org/10.1586/17474124.2015.1051029
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1172/JCI86674
https://doi.org/10.1038/nm.3994
https://doi.org/10.1016/j.arcmed.2017.11.004
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1056/NEJMcibr1409799
https://doi.org/10.1038/nrendo.2016.125
https://doi.org/10.15698/mic2016.07.514
https://doi.org/10.15698/mic2016.07.514
https://doi.org/10.1002/cphy.c170046
https://doi.org/10.1159/000489546
https://doi.org/10.1111/febs.12514
https://doi.org/10.1002/hep.25611

Yao et al. Genes & Nutrition (2020) 15:12 Page 14 of 14

inhibited by eicosapentaenoic acid. Prostaglandins Leukot Essent Fatty
Acids. 2010;83:75-81. https.//doi.org/10.1016/j.plefa.2010.05.002.

41. Pigeyre M, Yazdi FT, Kaur Y, Meyre D. Recent progress in genetics,
epigenetics and metagenomics unveils the pathophysiology of human
obesity. Clin Sci (Lond). 2016;130:943-86. https://doi.org/10.1042/
CS20160136.

42. Cedar H, Bergman Y. Linking DNA methylation and histone modification:
patterns and paradigms. Nat. Rev. Genet. 2009;10:295-304. https://doi.org/
10.1038/nrg2540.

43.  Bannister AJ, Kouzarides T. Regulation of chromatin by histone
modifications. Cell Res. 2011;21:381-95. https://doi.org/10.1038/cr.2011.22.

44, Park HK, Ahima RS. Resistin in rodents and humans. Diabetes Metab J. 2013;
37:404-14. https://doi.org/10.4093/dm;j.2013.37.6.404.

45. Kim YJ, Park T. Genes are differentially expressed in the epididymal fat of
rats rendered obese by a high-fat diet. Nutr Res. 2008;28:414-22. https://doi.
org/10.1016/j.nutres.

46.  Nowacka-Woszuk J, Pruszynska-Oszmalek E, Szydlowski M, Sadkowski S,
Szczerbal |. Diet-induced variability of the resistin gene (Retn) transcript
level and methylation profile in rats. BMC Genet. 2015;16:113. https://doi.
0rg/10.1186/512863-015-0270-4.

47. Mischke M, Plosch T. The gut microbiota and their metabolites: potential
implications for the host epigenome. Adv. Exp. Med. Biol. 2016,902:33-44.
https.//doi.org/10.1007/978-3-319-31248-4_3.

48. Qin Y, Wade PA. Crosstalk between the microbiome and epigenome:
messages from bugs. J Biochem. 2018;163:105-12. https://doi.org/10.1093/
jb/mvx080.

49. Delzenne NM, Cani PD. Interaction between obesity and the gut
microbiota: relevance in nutrition. Annu. Rev. Nutr. 2011,31:15-31. https//
doi.org/10.1146/annurev-nutr-072610-145146.

50. Lin HV, Frassetto A, Kowalik EJ Jr, Nawrocki AR, Lu MM, Kosinski JR, Hubert
JA, Szeto D, Yao X, Forrest G, Marsh DJ. Butyrate and propionate protect
against diet-induced obesity and regulate gut hormones via free fatty acid
receptor 3-independent mechanisms. PloS one. 2012;7:e35240. https://doi.
0rg/10.1371/journal. pone.0035240.

51. Kimura |, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, Terasawa K,
Kashihara D, Hirano K, Tani T, Takahashi T, Miyauchi S, Shioi G, Inoue H,
Tsujimoto G. The gut microbiota suppresses insulin-mediated fat
accumulation via the short-chain fatty acid receptor GPR43. Nat Commun.
2013;4:1829. https://doi.org/10.1038/ncomms2852.

52.  Schwiertz A, Taras D, Schéfer K, Beijer S, Bos NA, Donus C, Hardt PD.
Microbiota and SCFA in lean and overweight healthy subjects. Obesity
(Silver Spring). 2010;18:190-5. https://doi.org/10.1038/0by.2009.167.

53. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An
obesity-associated gut microbiome with increased capacity for energy
harvest. Nature. 2006/444:1027-31. https://doi.org/10.1038/nature05414.

54. LuY, Fan C Liang A, Fan X, Wang R, Li P, Qi K. Effects of SCFA on the DNA
methylation pattern of adiponectin and resistin in high-fat-diet-induced
obese male mice. Br J Nutr. 2018;120:385-92. https://doi.org/10.1017/
S0007114518001526.

55.  Morrison DJ, Preston T. Formation of short chain fatty acids by the gut
microbiota and their impact on human metabolism. Gut microbes. 2016;7:
189-200. https://doi.org/10.1080/19490976.2015.1134082.

56. Puertollano E, Kolida S, Yagoob P. Biological significance of short-chain fatty
acid metabolism by the intestinal microbiome. Curr Opin Clin Nutr Metab
Care. 2014;17:139-44. https://doi.org/10.1097/MC0O.0000000000000025.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations. Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/j.plefa.2010.05.002
https://doi.org/10.1042/CS20160136
https://doi.org/10.1042/CS20160136
https://doi.org/10.1038/nrg2540
https://doi.org/10.1038/nrg2540
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.4093/dmj.2013.37.6.404
https://doi.org/10.1016/j.nutres
https://doi.org/10.1016/j.nutres
https://doi.org/10.1186/s12863-015-0270-4
https://doi.org/10.1186/s12863-015-0270-4
https://doi.org/10.1007/978-3-319-31248-4_3
https://doi.org/10.1093/jb/mvx080
https://doi.org/10.1093/jb/mvx080
https://doi.org/10.1146/annurev-nutr-072610-145146
https://doi.org/10.1146/annurev-nutr-072610-145146
https://doi.org/10.1371/journal.pone.0035240
https://doi.org/10.1371/journal.pone.0035240
https://doi.org/10.1038/ncomms2852
https://doi.org/10.1038/oby.2009.167
https://doi.org/10.1038/nature05414
https://doi.org/10.1017/S0007114518001526
https://doi.org/10.1017/S0007114518001526
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.1097/MCO.0000000000000025

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Diets
	Animals
	Biochemical and metabolic analysis in plasma and feces
	Histological analysis
	Analysis of gene mRNA expression
	Bisulfite conversion and sequencing
	Gut microbial profiling analysis
	Statistical analysis

	Results
	Antibiotic use inhibited body weight gain in the DIO mice
	Antibiotic use affected plasma lipids
	Antibiotic use dramatically altered gut microbiota compositions
	Effects of alteration in gut microbiota by antibiotics on fecal SCFAs and expression of adipokines
	Effects of alteration in gut microbiota by antibiotics on the expression of fatty acid metabolism-associated genes
	Effects of alteration in gut microbiota by antibiotics on DNA methylation of the adipokine promoters

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

