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metabolic phenotypes in a murine model of high-fat
diet-induced obesity

Dongmin Liu1,2
& Beibei Wen1

& Kun Zhu1
& Yong Luo1

& Juan Li1,3,4 & Yinhua Li1,3,4 & Haiyan Lin1,3,4
&

Jianan Huang1,3,4
& Zhonghua Liu1,3,4

Received: 20 November 2018 /Revised: 8 March 2019 /Accepted: 12 March 2019 /Published online: 24 April 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Gut microbiota play a key role in the regulation of obesity and associated metabolic disorders. To study the relationship between
them, antibiotics have been widely used to generate pseudo-germ-free rodents as control models. However, it is not clear whether
antibiotics impact an animal’s metabolic phenotype. Therefore, the effect of antibiotics-induced gut microbial perturbations on
metabolic phenotypes in high-fat diet (HFD) fed mice was investigated. The results showed that antibiotics perturbed gut
microbial composition and structure. Community diversity and richness were reduced, and the phyla Firmicutes/Bacteroidetes
(F/B) ratio was decreased by antibiotics. Visualization of Unifrac distance data using principal component analysis (PCA) and
unweighted pair-group method with arithmetic mean (UPGAM) demonstrated that fecal samples of HFD-fed mice separated
from those of chow diet (CD) fed mice. Fecal samples from antibiotics-treated and non-treated mice were clustered into two
different microbial populations. Moreover, antibiotics suppressed HFD-induced metabolic features, including body weight gain
(BWG), liver weight (LW), epididymal fat weight (EFW), and serum levels of total cholesterol (TC), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), alanine aminotransferase (ALT), fasting blood glucose
(FBG), and insulin (INS) significantly (P< 0.05). Lachnospiraceae, Ruminiclostridium and Helicobacter, biomarkers of mouse
gut microbiota before treatment by antibiotics, were positively correlated with obesity phenotypes significantly (P< 0.05) and
were decreased by (92.95 ± 5.09) %, (97.73 ± 2.09) % and (99.48 ± 0.21) % respectively after 30 days of treatment by antibiotics.
However, Bacteroidiawere enriched in HFD-fed antibiotics-treatedmice and were negatively correlated with obesity phenotypes
significantly (P < 0.05). We suggested that the antibiotics-induced depletion of Lachnospiraceae, Ruminiclostridium, and
Helicobacter, and the decrease in F/B ratio in gut microbiota played a role in the prevention of HFD-induced obesity in mice.
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Introduction

Obesity is a global disease that severely impairs physical
health (Al-Assal et al. 2018). Roughly, a third of the world’s
population is affected by overweight or obesity. Indeed, over
1.9 billion people are overweight worldwide, of which ~ 600
million people are obese, which leads to considerable eco-
nomic costs and public health challenges (Sara-Assar 2017).
Obesity predisposes an individual to a variety of diseases,
including metabolic syndrome, nonalcoholic fatty liver dis-
ease, several immune-related disorders, and even cancer
(Donohoe et al. 2017; Portune et al. 2017; Rastelli et al.
2018). These disorders generate a spectrum of overlapping
phenotypes, such as overweight, fat accumulation, dyslipid-
emia, and liver dysfunction that arise from a complex set of
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interactions between genetic factors and environmental influ-
ences (Marginean et al. 2018; Pearl et al. 2018). Recent stud-
ies in both humans and mammal have indicated that gut mi-
crobiota are major contributors to obesity and metabolic dis-
orders (Al-Assal et al. 2018; Bianchi et al. 2018; Bluemel et al.
2016; Gerard 2016; Meijnikman et al. 2018; Sun et al. 2018;
Ussar et al. 2015). In general, the intestinal microbial diversity
of obese people is less when compared with that of their lean
counterparts (Ridaura et al. 2013; Sun et al. 2018). In both
humans and animals obesity and metabolic phenotypes have
been altered through modification of gut microbiota by anti-
biotic treatment, prebiotic or probiotic supplements, co-
housing ,or other treatments (Bianchi et al. 2018; Ciciliot
et al. 2018; Dahiya et al. 2017; Hu et al. 2017). Omics tech-
nologies including genomics, metagenomics, metabolomics,
transcriptomics, and proteomics revealed the detailed physio-
logical and genomic features of the complex gut ecosystem,
which expanded our knowledge in understanding the molec-
ular mechanism of interaction between these dietary sub-
stances and the gut environment (Yadav et al. 2018a,b;
Yadav and Shukla 2017;). In the intestine, probiotic bacteria
are in a competitive or symbiotic relationship with other bac-
teria. The mutualism of probiotics such as Lactobacillus,
Bifidobacterium and Bacteroides, can prevent the coloniza-
tion of pathogenic bacterias such as Enterobacteriaceae and
Enterococcus spp. and slow their growth in the gut. Prebiotics
such as lactulose, raffinose, xylitol, inulin, and oligofructose,
which are good substrates for probiotics, can promote the
growth of probiotics, and stimulate the production of enzymes
or bioactive substances to enhance the ecological balance of
intestinal flora (Yadav et al. 2016, 2018b). Probiotics provide
various health benefits, such as immune system modification,
metabolism regulation, and colonization resistance (Yadav
and Shukla 2017). Research outcomes have indicated that
gut microbiota might regulate obesity and related diseases
by affecting energy acquisition (Damms-Machado et al.
2015) and influencing fatty acid oxidation (Dahiya et al.
2017), appetite regulation (De Vadder et al. 2014;
Duraffourd et al. 2012), cholesterol, bile acid, and choline
metabolism adjustment (Just 2017), host gene regulation
(Scheithauer et al. 2016; Sun et al. 2018), intestinal permeabil-
ity (Mokkala et al. 2016), immune system mediation (Winer
e t a l . 2016) , metabol ic endotoxinemia , and the
endocannabinoid system regulation (Dahiya et al. 2017).

To study the relationship between intestinal microorganisms
and disease, germ-free (GF), andOb/obmice on C57Bl/6 back-
ground have previously been used in establishing HFD-
induced obesity models (Parseus et al. 2017; Schweiger et al.
2017). The principle advantage of the GF animal model is their
use in proof-of-principle studies, microbe–microbe interaction
studies, and that a complete microbiota or defined consortiums
of bacteria can be introduced at various developmental stages
(Luczynski et al. 2016). However, the altered physiology seen

in GF mice raises issues. Grover and Kashyap (2014) stated
that the enlarged cecum, reduced smooth muscle tone, de-
creased sodium and chloride ion concentrations in cecal
contents, and impaired water absorption in the colon of GF
mice were strikingly different when compared to that of
conventionally raised mice. Lomasney et al. (2014) further
highlighted that the colonic secretomotor function is preserved
in GF mice. Luczynski et al. (2016) indicated that permanent
neurodevelopmental deficits of GFmousemay deem themodel
unsuitable for specific scientific queries (Luczynski et al.
2016). Some hypogenesis of GF mice such as lymphatic dys-
plasia, low immune function, abnormal sensitivity to microor-
ganisms, and long metabolic cycle may be doubtful when
studying the interaction of gut microbiota and obesity (Luo
and Jin 2014; Principi and Esposito 2016; Tannock 2005;
Zarrinpar et al. 2018). Therefore, alternatives and complemen-
tary strategies to the GF model are warranted. To establish
control animal models with similar physiologies but lacking
intestinal flora, in many studies, broad-spectrum antibiotics
were used to deplete gut commensal microflora to successfully
establish pseudo-germ-free rodents that allow for analyzing the
relationships between intestinal microorganisms and a wide
range of diseases, including obesity (Membrez et al. 2008;
Suarez-Zamorano et al. 2015), tumorigenesis (Chen et al.
2008; Grivennikov et al. 2012), serotonin biosynthesis (Ge
et al. 2017; Josefsdottir et al. 2017), hepatic fibrosis (Seki
et al. 2007), and intestinal homeostasis (Rakoff-Nahoum et al.
2004). Janssen et al. (2017) suppressed gut bacteria of mice by
using antibiotics and discovered that angiopoietin-like 4 pro-
moted bile acid absorption via a mechanism dependent on the
gut microbiota. Moreover, Hu et al. (2015) depleted gut micro-
biota of rats by ampicillin, neomycin and metronidazole, and
fund that antibiotics-induced imbalances in gut microbiota ag-
gravated cholesterol accumulation and liver injuries in rats that
were fed a high-cholesterol diet. Indeed, in previous studies, it
has been shown that metabolic phenotypes of mice that were
treated with high-dose of antibiotics were similar to that of GF
mice (Cox et al. 2014; Grover and Kashyap 2014; Lee et al.
2012; Suarez-Zamorano et al. 2015). GF mice were protected
from developing obesity when fed a high-fat, sugar-rich diet
(Le Roy et al. 2019). Suarez-Zamorano et al. (2015) showed
that treatment with broad-spectrum antibiotics could promote
browning of white adipose tissue and reduced obesity in mice.
The metabolic responses of antibiotic-treated mice to HFD
were similar to that of GFmice. Zarrinpar et al. (2018) success-
fully depleted the gut microbiome of mice by oral gavage with
ampicillin, vancomycin, neomycin, metronidazole, and
amphotericin B. The results showed that microbiome depletion
changed the metabolism of mice and altered glucose homeo-
stasis by potentially shifting colonocyte energy utilization from
short chain fatty acids (SCFAs) to glucose. The lower blood
glucose levels, increased insulin sensitivity, lower oral glucose
tolerance test (oGTT), and decreased luminal SCFAs of
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antibiotic-treated mice were similar to those of GF mice.
Ellekilde et al. (2014) successfully depleted gut microbiota of
mice by ampicillin treatment and transferred donors’microbial
compositions to antibiotic-treated mice instead of GF mice.
They found out that the obese phenotypes of donors were
transferred to recipients. It is speculated that the transferred
microbiota may permanently modulate host functions
(Ellekilde et al. 2014). Reikvam et al. (2011) presented a robust
protocol for depleting cultivatable intestinal microbiota of mice
by gavage with antibiotics and showed that the biological effect
of this depletion phenocopied physiological characteristics of
GF mice. In fact, the primary advantage of gut microbiota
depletion by antibiotics over working with GF animals in iso-
lators is that antibiotics can be introduced and terminated at pre-
determined time points(Hansen et al. 2015). Furthermore,
pseudo-germ-free rodents are less expensive than GF mice.
The present study was designed to evaluate whether depletion
of gut microbiota using antibiotics could influence host meta-
bolic phenotypes that are associated with obesity, and whether,
this approach was suitable for generating animal models that
can be used for studying the effects of gut microbiota on
obesity.

Materials and methods

Animals and antibiotics treatment

Male C57Bl/6J mice (5 weeks old, 18 ± 1 g) were purchased
from the Hunan SJA Laboratory Animal Co.; Ltd., (Changsha,
China). Mice (8 mice per cage) were kept in a specific
pathogen–free (SPF) facility at 23 ± 2 °C under 12 h/day and
night cycles until the end of the experiment. Mice were fed a
CD containing 46.74% (w/w) carbohydrate, 24.3% (w/w) pro-
tein, 7.5% (w/w) fat, 3.5% (w/w) fiber, and 8.6% ash (w/w)
during 1 week of acclimation. Subsequently, mice were ran-
domly assigned to 8 groups (n = 8 per group) and labeled as
ATGH, ATDH, PGH, PDH, ATGC, ATDC, PGC, and PDC,
respectively. Groups ATGH, ATDH, PGH, and PDH were fed
a HFD containing 80.0% (w/w) chow diet supplemented with
10% (w/w) lard oil and 10% (w/w) yolk powder, whereas
groups ATGC, ATDC, PGC, and PDC were fed CD for
4 weeks. Mice in groups ATGH and ATGC received non-
absorbable broad-spectrum antibiotics by gavage at a dose of
20 μg/g•bw neomycin, 10 μg/g•bw vancomycin, 10 μg/g•bw
imipenem, 20 μg/g•bwmetronidazole, 10 μg/ g•bw streptomy-
cin, and 20 U/ g•bw penicillin (Sangon Biotech, Shanghai,
China). Mice in groups PGH and PGC served as control groups
and were gavaged with equivalent volumes of distilled water.
Mice in groups ATDH and ATDC were given an antibiotic
cocktail supplement in the drinking water, containing 100 μg/
mL neomycin, 50 μg/mL vancomycin, 50 μg/mL imipenem,
100 μg/mL metronidazole, 50 μg/mL streptomycin, and

100 U/mL penicillin, according to the method described by
Suarez-Zamorano et al. (2015). Mice in groups PDH and
PDC were given a distilled water cocktail supplement without
antibiotics in volumes equivalent to the control groups. Water
bottles were changed twice weekly to supply fresh antibiotics.
Body weight, food intake, and water intake of all mice were
recorded weekly. Feces of each group (n = 8) were collected
and combined into one sample in a sterile microtube at day 0,
15, and 30 after starting antibiotics treatment, frozen immedi-
ately in liquid nitrogen and stored at − 80 °C until analysis. At
the end of the experiment, mice were anesthetized with pento-
barbital sodium and sacrificed after 5 h of fasting. Heart blood
was collected and stored at − 80 °C for further analysis. Liver,
epididymal adipose, and small intestine tissues were excised
and fixed with 10% neutral formalin immediately at room tem-
perature. The animal protocol used in this study was approved
by the Animal Care Committee at Hunan Agricultural
University and performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the
Ministry of Health, People’s Republic of China.

Analysis of gut microbiota

Total DNA of feces was isolated using a FastDNA® Spin Kit
for Soil (Mpbio, Santa Ana, USA). The relative abundance of
bacteria was determined using 16S rRNA analysis, which was
performed at the laboratory of Novogene (Beijing, China).
16S rRNA genes of V3–V4 hypervariable region were ampli-
fied used specific primer 338F-806R (Primer F 5′-
ACTCCTACGGGAGGCAGCAG-3′ and Primer R 5′-
GGACTACHVGGGTWTCTAAT-3′). The fragment library
was constructed using Ion Plus Fragment Library Kit
(Thermo Scientific, Shanghai, China) 48 runs, followed by
DNA sequencing on Ion S5TMXL (Thermo Scientific,
Shanghai, China) platform to generate 400 bp/600 bp single-
end reads. The remaining unique reads were clustered into
operational taxonomic units (OTUs) based on the Silva data-
base (SILVA) byUPARSEwith 97% similarity cutoff after the
raw reads were quality filtered and merged by fastx, Cutadapt,
Usearch, and FLASH. Mothur was used to calculate rarefac-
tion analysis, the community richness index and alpha diver-
sities including Shannon and Simpson indexes. Principal com-
ponent analysis (PCA) and hierarchical cluster analysis by
Bray–Curtis distance matrix and average method were per-
formed according to the abundances of OTUs by QIIME
(Version1.7.0) and R software (Version 2.15.3). The 16S
rRNA data were accessible in the European Nucleotide
Archive (ENA) database under accession ID PRJEB29982.

Histological analysis and morphometry

Formalin-fixed liver, adipose tissue, and small intestine sam-
ples from three mice per group were paraffin embedded,
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sectioned at 3–6 μm, and stained with hematoxylin and eosin
for histological analysis. Images were taken using a camera-
equipped light microscope (Leica Ltd., Wetzlar, Germany).
Sections were analyzed in a blinded manner by a trained his-
topathologist and the size of epididymal adipocytes was eval-
uated by Image-Pro Plus software (Chen et al. 2018; Suarez-
Zamorano et al. 2015).

Measurement of serum parameter

Serum was prepared from blood samples from eight mice per
group by centrifugation at 3000 × g for 10 min in room tem-
perature, then stored at − 80 °C. Levels of serum total choles-
terol (TC), triglyceride (TG), high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol (LDL-C),
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), fasting blood glucose (FBG), and insulin (INS) were
measured using commercially available kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Statistical analysis

Data were expressed as the mean ± standard error (SEM) or
box-and-whisker plots. Data were subjected to two-way
ANOVA analysis and graphics presentation using GraphPad
Prism software 6.0 (La Jolla, CA, USA). Differences in rela-
tive abundances of OTUs were calculated using Tukey’s hon-
est significant difference (HSD) test by QIIME (Version1.7.0)
and R software (Version 2.15.3). The correlations between
relative abundances of genus and host parameters were ana-
lyzed by Spearman’s correlation (R software Version 2.15.3).
Statistical significances were set as follows: *P ≤ 0.05, **P ≤
0.01, ***P ≤ 0.001.

Results

Overall structural changes of gut microbiota
in response to high-fat diet and antibiotics

To determine the importance of commensal microbiota in obe-
sity, mice that were fed an HFD or CD were subjected to oral
administration of a combination of antibiotics by gavage or
cocktail supplement for four consecutive weeks. Treatment
with antibiotics resulted in changes in the composition of
commensal bacteria as determined by 16S rRNA analysis.

The decrease in the Shannon and Chao indexes indicated
that antibiotics treatment decreased microbiota community
diversity and richness when compared with the baseline
values. The differences in these two indexes between mice
that were fed an HFD and CD continued to exist after the
treatment with antibiotics (Fig. 1a–b). The antibiotics-
induced depletion effects of gut microbiota were confirmed

by PCA and UPGAM analysis, showing a clear separation
between antibiotics-treated and untreated groups (Fig. 1c–d).

PC1, which explained the greatest variance, segregated
samples by antibiotics treatment, while PC2 segregated sam-
ples by intervention time and diet. The fecal samples of HFD-
fed mice clustered together, whereas the samples fromCD-fed
mice comprised another group. Furthermore, after antibiotics
treatment, samples in HFD groups were driven closer to those
of CD groups and untreated groups in the PC2 level. These
results indicated that HFD can induce striking differences in
gut microbiota and that antibiotics can reduce the changes.
UPGAM analysis based on unweighted unifrac distance
showed that the bacterial communities of all samples were
clustered into four different groups as follows: group before
dietary intervention, antibiotic-treated group with HFD,
antibiotic-treated group with CD, and the control group. The
microbial community composition of the antibiotic-treated
and non-treated groups was strikingly different, illustrating
that treatment with antibiotics resulted in significant changes
in the phylogenetic composition of gut microbiota. The fact
that the intestinal microflora of mice under similar dietary
conditions were more similar to each other indicated that
HFD significantly influenced the gut microbiota of mice.

The changes of gut microbiota after antibiotics treatment
were also observed in operational taxonomic unit levels. In
brief, treatmentwith antibiotics gavage for a duration of 2weeks
decreased the OTU (optical transform unit) from 347 to 228
and 328 to 147 inmice that were fedHFD andCD, respectively.
Four weeks later, the OTU were reduced to 209 and 194, re-
spectively. Treatment with a cocktail of antibiotics decreased
OTU from 327 to 146 and 360 to 183 in mice that were fed
HFD and CD, respectively. Then, after 4 weeks of treatment,
the OTU further reduced to 196 and 169, respectively. On the
contrary, the OTU of mice that were given water without anti-
biotics (PDH and PDC groups) did not change.

Taxonomically, after antibiotics treatments, the abundance of
fecal microbiota strikingly decreased at all levels as shown in
Fig. 2b–f. At the phylum level, Bacteroidetes, Firmicutes, and
Proteobacteria dominated gut microbiota and accounted for
more than 90% of all bacteria, which was similar to the findings
reported previously (Al-Assal et al. 2018). After supplementa-
tion with a HFD, decreased relative abundances of Bacteroidetes
and Chloroflexi and increased relative abundances of
Firmicutes, Proteobacteria, Verrucomicrobia, Deferribacteres,
Cyanobacteria, and Saccharibacteriawere observedwhen com-
pared with mice in CD groups (Fig. 2b). In both HFD and CD
groups, levels of Bacteroidetes increased twofold whereas
Firmicutes decreased to less than half the level after 4 weeks of
antibiotics treatment when compared with baseline levels. After
antibiotics gavage supplemented with HFD, relative abundances
of Clostridiaceae 1, Helicobacteraceae, Anaeroplasmataceae,
Lachnospiraceae, and Peptostreptococcaceae decreased, where-
as Veillonellaceae, Fusobacteriaceae, Peptostreptococcaceae,
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Bacteroidaceae, Erysipelotrichaceae, and Mycoplasmataceae
increased when compared to baseline at the family level. In other
antibiotics-treated groups, relative abundances ofBacteroidaceae

and Verrucomicrobiaceae increased, while Lachnospiraceae and
Ruminococcaceae decreased when compared to baseline levels
(Fig. 3a).
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Fig. 1 Effects of antibiotics on the high-fat diet-disrupted gut microbiota
composition. Comparison of alpha diversity accessed by Chao (a) and
Shannon (b) indexes; principal component analysis (PCA) of gut
microbiota based on OUT relative abundance (c); relative abundance in
phylum level (d); cladogram (e), generated from LEfSe analysis,
represent taxa enriched in groups before antibiotics treatment (blue) and

after antibiotics treatment with chow diet (CD) (red) or high-fat diet
(HFD) (green). The central point represents the root of the tree
(bacteria), and each ring represents the next lower taxonomic level
(phylum through genus). The diameter of each circle represents the
relative abundance of the taxon. When full identification was not
possible, g_, or s_ alone was used for genus or species, respectively
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After antibiotics treatment, significant differences were ob-
served in the LEfSe evolutionary branch diagram.
Deferribacterales, Lachnospiraceae, Ruminococcaceae,
Clostridia, Helicobacteraceae, Campylobacterales, and
Epsilonproteobacteria could be used as biomarkers of gut
microbiota in mice prior to treatment with antibiotics, whereas
Bacteroidia could be a biomarker of gut microbiota in mice
after antibiotic treatment with HFD and Erysiplotrichia,

Ente robac t e r ia l e s , Gammapro teobac t e r ia , and
Verrucomicrobiae with CD (Fig. 1e).

Antibiotics attenuated features of high-fat
diet-induced metabolism

Obesity is the result of interactions between hosts, gut micro-
biota, and environmental factors, including diet. The

(a) (b)

(d)

(e)

(c)

(f)

Fig. 2 Schematic overview of the experimental design, study groups, and
time points of fecal sampling (a), and relative abundance of AGH0,
AGH15, AGH30, ADH0, ADH15, ADH30, AGC0, AGC15, AGC30,

ADC0, ADC15, ADC30, PDH15, PDC15, PDH30, and PDC30 in
phylum level (b), class level (c), order level (d), family level (e), and
genus level (f)
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composition of gut microbiota was established and developed
by several physiological and environmental changes, which in

turn influenced features of the host metabolism (Rastelli et al.
2018). After 4 weeks of HFD or CD, antibiotics-induced

(a)

(b)

Fig. 3 Heatmaps showing the relative abundance of top 35 species at the family level (a), and the spearman rank correlations between phenotypes and
the relative abundances of gut microbiota at the geneus level (b). *P < 0.05 and **P< 0.01
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microbial perturbations expressed metabolic phenotypes.
When compared with mice in CD groups, 4 weeks of HFD
treatment resulted in significant increases in BWG, LW, EFW,
and epididymal adipocyte size (P < 0.001) (Figs. 4, 6).
Histopathological examination revealed hepatocellular
microvesicular steatosis, inflammatory cell infiltration, and
proliferation of intestinal mucosal epithelial cells in mice in
HFD groups. These symptoms were obviously alleviated, and
the number of smaller adipocytes increased after exposure to
antibiotics (Figs. 5a, 6).

As expected, in HFD-fed and CD-fed mice, antibiotics ga-
vage significantly prevented the indicators mentioned above.

However, an antibiotic cocktail supplement only prevented
these indicators in mice in CD groups and reduced LW and
EFW in mice in HFD groups.

Furthermore, when compared with mice in CD groups,
serum levels of TC, TG, LDL-C, and ALTwere significantly
elevated after HFD intervention (P < 0.01) (Fig. 5a–b, e). In
addition, the level of HDL-C was improved by HFD (Fig. 5d).
In HFD-fed mice, gavage with antibiotics attenuated levels of
TC, LDL-C, and ALTas well as HDL-C (Fig. 5a, c–e), where-
as in CD-fed mice, antibiotics cocktail only decreased levels
of TC and HDL-C (Fig. 5a, d). An antibiotics cocktail supple-
ment reduced TC in both HFD-fed and CD-fed mice (Fig. 5a).

μ

Fig. 4 Effects of diet and antibiotics-induced microbiota perturbations on
mouse food intake (a), water intake (b), bodyweight gain (c), liver weight
(d), epididymal fat weight (e), and cell-size profiling of epididymal
adipocytes (f). All values in a–e were presented as the mean ± SEM.

(n = 8 per group), and points in f showed mean of pooled fractions from
each animal ± SEM (n = 3 per group). Significance was calculated using
two-way ANOVA (treatment and diet) with Bonferroni post hoc test.
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
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Also, both antibiotic gavage and cocktail supplements led to
an obvious decrease in the levels of FBG and INS, thereby
indicating that microbial perturbation might improve INS sen-
sitivity (Fig. 5g–h).

The results clearly demonstrated that intervention by antibi-
otics attenuated HFD-induced metabolic features even though
the food intake of HFD-fed mice was less than that of CD-fed

mice (Fig. 4a). Obviously, the method of gavage was more
effective when compared with the use of an antibiotics cock-
tail supplement. This could be due to reduced water intake
in mice in the antibiotics cocktail supplement group when
compared to that in other groups (Fig. 4b). In addition, poor
palatability of water containing antibiotics may have led to
insufficient drug intake.

μ

Fig. 5 Effects of diet and antibiotics-induced microbiota perturbations on
serum levels of TC (a), TG (b), LDL-C (c), HDL-C (d), ALT (e), AST (f),
fasting blood glucose (g), and insulin (h). All values in a–h were

presented as the mean ± SEM. (n = 8 per group). Significance was
calculated using two-way ANOVA (treatment and diet) with Bonferroni
post hoc test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
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Correlation between gut microbiota abundance
and mouse phenotype

To evaluate the correlation between the relative abundance of gut
microbiota at the genus level and metabolic parameters,
Spearman’s correlation analysis was employed to identify the
contribution of antibiotics-induced perturbations in gut microbial
diversity on metabolic phenotypes. As showed in Fig. 3b, 20
genera of microorganisms either negatively or positively associ-
atedwithmetabolic parameters including BWG, EFW, TC,ALT,
and LDL-C. Specifically, Lachnospiraceae, Bifidobacterium,
Helicobacter, Prevotellaceae_UCG.001, Anaerotruncus,
Desulfovibrio, Mucispirillum, and X.Eubacterium._
xylanophilum_group positively correlated with BWG and TC
significantly (P < 0.05), whereas Bacteroides showed a negative
correlation. In addition, Ruminiclostridium, Alloprevotella, and
Lachnospiraceae_UCG.001 positively correlatedwith BWGbut
not significantly with TC (P < 0.05). Lactobacillus, in contrast,
positively correlated with TC only. Klebsiella, Escherichia, and
Shigella negatively and significantly correlated with TC
(P < 0.05). A significant correlation was also observed between
the Rikenellaceae RC9_gut group and Faecalibaculum with
EFWand LDL-C, and between theRikenellaceae RC9 gut group
and Ruminococcaceae with LDL-C (P < 0.05).

In this study, Lachnospiraceae, Ruminiclostridium, and
Helicobacter were identified as biomarkers of gut microbiota

in mice before antibiotics treatment and Bacteroidia as biomark-
er in antibiotics-treated mice (Fig. 1e). In particular, 15 days of
antibiotics treatment decreased Lachnospiraceae ,
Ruminiclostridium, and Helicobacter by 87.29 ± 0.25%,
98.85 ± 0.99%, and 99.84 ± 0.25% respectively. Thirty days of
antibiotics treatment decreased these levels by 92.95 ± 5.09%,
97.73 ± 2.09%, and 99.48 ± 0.21% respectively. However, the
relative abundance of Bacteroides increased to more than two-
fold the original levers after antibiotics treatment (Fig. 1b, d–e).

These results indicated that HFD-induced metabolic phe-
notypes in mice were affected by gut microbiota, especially
Lachnospiraceae, Ruminiclostridium, Helicobacter, and
Bacteroidia. Yet, the mechanisms that underlie these effects
need to be further elucidated.

Discussion

Gut microbiota is one of the most important factors affecting
HFD-induced obesity (Al-Assal et al. 2018; Gerard 2016). In
previous studies, HFD feeding has been shown to affect gut
morphology and metabolic phenotypes and promote bacterial
dysfunction (Roopchand 2015; Velikonja et al. 2018; Wang
et al. 2014; Zhang et al. 2018a). Mice gained significantly
more weight, which was associated with increased fasting
glucose, insulin levels and impaired glucose and insulin
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and ATDH groups. Scale bars,
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tolerance when fed a HFD for 10 weeks in Parséus’s study
(Parseus et al. 2017). HFD also stimulated body lipid accu-
mulation and enlarged adipose cells (Parseus et al. 2017;
Suarez-Zamorano et al. 2015). Similar to their studies, 4 weeks
of HFD induced mice to be obese in this study. BWG, LW,
EFW, serum levers of TC, TG, HDL-C, LDL-C, ALT, INS, and
FBG were significantly increased in HFD-fed mice (P < 0.05).
In addition, adipocyte hypertrophy, hepatocellular
microvesicular steatosis, inflammatory cell infiltration, and pro-
liferation of intestinal mucosal epithelium cells were observed
after HFD supplementation. It has been proven that diet-induced
obesity, adipose inflammation, and liver steatosis were associat-
ed with bile acid profiles and farnesoid X receptor (FXR) de-
pending on intestinal microbes, which contributed to impaired
host metabolism (Dahiya et al. 2017; Janssen et al. 2017; Parseus
et al. 2017). We found that feeding mice a HFD was associated
with striking changes in phylogenetic composition of gut micro-
biota, as shown by decreased abundances of Bacteroidetes and
Chloroflexi and increased abundances of Firmicutes,
Proteobacteria, Verrucomicrobia, Deferribacteres ,
Cyanobacteria, and Saccharibacteria. These changes in intesti-
nal microbial composition were consistent with previous reports,
inwhichwas demonstrated that HFD-induced gut dysbiosis with
high ratio of F/B may contribute to obesity (Anhe et al. 2015;
Evans et al. 2014; Wang et al. 2014; Zhang et al. 2018a). In this
study, we also found increased diversity and richness after feed-
ing mice a HFD; however, this was inconsistent with the data
presented in other reports (Reijnders et al. 2016; Suarez-
Zamorano et al. 2015) and may be due to the combined protocol
when harvested mouse fecal samples in this study.

It has previously been shown that antibiotics may cause
variations in specific microorganism populations, which then
affect obesity-related metabolic phenotypes (Cox et al. 2014;
Reijnders et al. 2016; Suarez-Zamorano et al. 2015; Zarrinpar
et al. 2018). Low-dose antibiotics exposure during maturation
may alter host metabolism and promote adiposity in mice
given the consistent effects of disturbed gut microbiota on
the host (Cox et al. 2014). Early-life subtherapeutic antibiotic
treatment has been shown to produce significant growth-
promoting effects, including increased fat mass, altered met-
abolic hormones, enhanced hepatic metabolism, and regulat-
ed microbiota, all of which have been applied to growth pro-
motion in agriculture (Cox et al. 2014). Similar to animals,
antibiotics administration to children can significantly modify
the microbiota composition by reducing phylogenetic diver-
sity and microbial load and increase obesity at maturity
(Principi and Esposito 2016; Stark et al. 2019). However,
high doses of antibiotics may play a role in resisting the onset
of obesity (Suarez-Zamorano et al. 2015). Numerous studies
have shown that high-dose antibiotics-caused obesity resis-
tance in mice was related to gut microbial perturbation and
their mediation on the profiles of bile acids, SCFA, LPS,
Angiopoietin-related protein 4 (ANGPTL4), Fasting-induced

adipose factor (FIAF), eosinophil, type 2 cytokines, and M2
macrophages in the host (Ge et al. 2017; Leong et al. 2018;
Rastelli et al. 2018; Suarez-Zamorano et al. 2015; Zarrinpar
et al. 2018).This suggested that high doses of broad-spectrum
antibiotics may inhibit HFD-induced obesity while perturbing
gut microbiota. In this study, HFD-induced metabolic fea-
tures, including BWG, LW, EFW, TC, LDL-C, HDL-C,
ALT, INS, and FBG, were reduced by antibiotics treatment
to different degrees. These phenotypic changes in the treat-
ment groups observed in the current study were similar to
those previously reported in GF mice that were fed a HFD
(Kusumoto et al. 2017; Lee et al. 2012; Shin et al. 2014;
Suarez-Zamorano et al. 2015; Woting et al. 2015; Zhang
et al. 2015, 2018a, b, c) Hansen and Suarez-Zamorano indi-
cated that high doses of antibiotics caused a striking decrease
in intestinal microbes in mice. The disappearance of most of
the flora caused them to physiologically resist diet-induced
obesity as in GF mice (Hansen et al. 2015; Suarez-Zamorano
et al. 2015). Ellekilde et al. (2014) transplanted intestinal
microbes from obese individuals to antibiotic-treated mice.
Like GF mice, the obese phenotype was transferred into
antibiotic-treated mice. This indicated that the antibiotic-
induced depletion and perturbation of gut microbiota might
play a key role in metabolic changes in mice. Zarrinpar et al.
(2018) stated that microbiome depletion by oral gavage of
antibiotics changed the metabolism of mice and altered
glucose homeostasis by potentially shifting colonocyte
energy utilization from SCFAs to glucose. However, it has
also been shown that not all effects of high dose of antibiotics
on intestinal microbes were manifested as obesity resistance.
The authors found that 2 weeks of antibiotics treatment
caused microbiome depletion and altered metabolic
homeostasis especially hypoglycemic state without altering
adiposity when mice were fed a normal chow diet. Hu et al.
(2015) also proved that the antibiotics induced perturbation of
gut microbiota aggravated cholesterol accumulation and liver
injury in rats fed a high-cholesterol diet during 4 weeks of
intervention. The differences observed between studies may
depend on the antimicrobial spectrum (Modi et al. 2014),
dosage of antibiotics (Cox et al. 2014; Hu et al. 2015), diet
used, administration time, and strains of mice (Cox et al.
2014; Hansen et al. 2015).

In this study, the gut microbial diversity, demonstrated as
OTU, Chao and Shannon indexes, and phylogenetic compo-
sition as shown in PCA and UPGAMwere strikingly changed
by antibiotics treatment. It should be noted that the increase in
Bacteroidetes and the decrease in Firmicutes associated with
antibiotic-treatment were opposite of the changes caused by
HFD. Our results confirmed previous studies that showed that
antibiotics treatment induced F/B ratio reduction in the gut of
mice and were considered to be protective against obesity
(Leong et al. 2018). Reduced levels of Bacteroidetes,
Firmicutes, and F/B were observed when mice were treated
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with antibiotics and received an HFD for 8 weeks (Carvalho
et al. 2012). These changes in intestinal microbes were also
found in high-cholesterol diet-fed rats after antibiotics treat-
ment (Hu et al. 2015).

The major decrease in the F/B ratio can affect the produc-
tion of a host’s key metabolites, including SCFA, bile acids,
and lipopolysaccharide (LPS) and ultimately prevent the de-
velopment of obesity through a series of steps in nutrient me-
tabolism, hormonal regulation, and neuromodulation (Rastelli
et al. 2018; Zarrinpar et al. 2018; Zhang et al. 2018a). The
reduction in F/B ratio also associated with upregulation of
regenerating islet-derived protein 3 gamma (Reg3γ) expres-
sion in intestinal epithelial cells and effectively inhibited lipo-
genesis in mature adipocytes (Cox et al. 2014). An HFD may
cause an increase in circulating LPS levels, thereby activating
the immune signaling pathway that may ultimately lead to
obesity (Turnbaugh et al. 2006). Intestinal microorganisms
are reservoirs of LPS, and its composition, especially the F/
B ratio, may affect the concentration of bacterial LPS in the
circulation (Yadav et al. 2016). LPSmediates toll-like receptor
4 (TLR4), cell surface molecule (CD14), and nuclear
factor-κB (NF-κB), which can regulate obesity and other dis-
eases (Carmody et al. 2015; Ussar et al. 2015). Moreover,
Bacteroides can change the capacity and composition of bile
acid stores to regulate the FXR, nuclear receptor subfamily 1,
group H, member 4 (NR1H4), and G protein-coupled recep-
tors (GPCRs), thereby regulating body fat and glucose metab-
olism (Tuomi et al. 2014). In addition, the decrease in
Bacteroides positively correlated with the expression of
FIAF, an important lipid regulating gene, in mouse intestinal
epithelial cells (Kusumoto et al. 2017)

It is interesting to note that in this study the critical F/B ratio
in gut microbiota was regulated by antibiotics in the direction
of obesity resistance. Therefore, we could not rule out the
possibility that regulation of the F/B ratio by antibiotics may
affect the metabolism of HFD-fed mice in many ways and
play a role in reduction of obesity.

It has previously been shown that SCFA, including buty-
rate, acetate, and propionate stimulate the secretion of gut
peptides, such as glucagon-like peptide 1 (GLP-1) and cheese
casein peptide (PYY), which can reduce the level of ghrelin
and brake caloric intake (Coyte et al. 2015). SCFA can also
participate in the intestinal gluconeogenesis (GNG) pathway
and nerve conduction (Backhed et al. 2015), thereby resulting
in increased insulin sensitivity and appetite reduction (Sivan
et al. 2015). These SCFAs are produced by specific gut mi-
crobes, especially, acetate is produced by Bifidobacterium
adolescent is , Bacteroides thetaio taomicron and
Ruminococcus bromii, butyrate by Eubacterium rectale and
Faecalibacterium prausnitzii, and propionate by Bacteroides
thetaiotaomicron (Shoaie et al. 2015).

In this study, Lachnospiraceae, Ruminiclostridium, and
Helicobacter, which were identified as major biomarkers of

gut microbiota in mice before antibiotic treatment, were strik-
ingly inhibited by antibiotic treatment. They were also signif-
icantly associated with phenotypes of obesity. Therefore, the
effect of antibiotic treatment on HFD-induced obesity may be
associated with decreased SCFA producing bacteria such as
Lachnospiraceae, Ruminiclostridium, and Helicobacter.

In conclusion, HFD-induced metabolic features, in-
cluding BWG, LW, EFW, epididymal adipocyte size,
and serum levels of TC, LDL-C, HDL-C, ALT, INS, and
FBG were significantly reduced by oral administration of
antibiotics (P < 0.05). The antibiotics-induced depletion of
Lachnospiraceae, Ruminiclostridium, and Helicobacter,
and the decrease in F/B ratio in the gut microbiota of mice
were causal antecedents to obesity resistance. Given that
these ameliorative effects of antibiotics were similar to
those found in GF mice (Kusumoto et al. 2017; Lee
et al. 2012; Shin et al. 2014; Suarez-Zamorano et al.
2015; Woting et al. 2015; Zhang et al. 2015, 2018a, b,
c),we demonstrated that it is feasible to produce pseudo-
germ-free mice by antibiotics treatment for studying the
effect of intestinal microorganisms on obesity. Certainly,
additional metagenomics approaches are warranted to ver-
ify metabolic pathways altered by antibiotics and to eval-
uate the contribution of gut microbiota on HFD-induced
obesity; however, the current study is an important step in
that direction.
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