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Synbiotic-driven improvement of metabolic
disturbances is associated with changes in the
gut microbiome in diet-induced obese mice
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Peter C.K. Cheung 1,*
ABSTRACT

Objective: The gut microbiota is an important influencing factor of metabolic health. Although dietary interventions with probiotics, prebiotics,
and synbiotics can be effective means to regulate obesity and associated comorbidities, the underlying shifts in gut microbial communities,
especially at the functional level, have not been characterized in great details. In this study, we sought to investigate the effects of synbiotics on
the regulation of gut microbiota and the alleviation of high-fat diet (HFD)-induced metabolic disorders in mice.
Methods: Specific pathogen-free (SPF) male C57BL/6J mice were fed diets with either 10% (normal diet, ND) or 60% (high-fat diet, HFD) of total
calories from fat (lard). Dietary interventions in the HFD-fed mice included (i) probiotic (Bifidobacterium animalis subsp. lactis and Lactobacillus
paracasei subsp. paracasei DSM 46331), (ii) prebiotic (oat b-glucan), and (iii) synbiotic (a mixture of i and ii) treatments for 12 weeks. Besides
detailed characterization of host metabolic parameters, a multi-omics approach was used to systematically profile the microbial signatures at
both the phylogenetic and functional levels using 16S rRNA gene sequencing, metaproteomics and targeted metabolomics analysis.
Results: The synbiotic intervention significantly reduced body weight gain and alleviated features of metabolic complications. At the phylogenetic
level, the synbiotic treatment significantly reversed HFD-induced changes in microbial populations, both in terms of richness and the relative
abundance of specific taxa. Potentially important species such as Faecalibaculum rodentium and Alistipes putredinis that might mediate the
beneficial effects of the synbiotic were identified. At the functional level, short-chain fatty acid and bile acid profiles revealed that all dietary
interventions significantly restored cecal levels of acetate, propionate, and butyrate, while the synbiotic treatment reduced the bile acid pools most
efficiently. Metaproteomics revealed that the effects of the synbiotic intervention might be mediated through metabolic pathways involved in
carbohydrate, amino acid, and energy metabolisms.
Conclusions: Our results suggested that dietary intervention using the novel synbiotic can alleviate HFD-induced weight gain and restore gut
microbial ecosystem homeostasis phylogenetically and functionally.

� 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The obesity epidemic has become a major global health concern with
substantial increases in its prevalence and severity during the past
decades [1,2]. It is a multi-factorial condition, which is linked with
surplus of energy uptake and influenced by a complex interplay of
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genetic, epigenetic, dietary, lifestyle and environmental factors. It is
associated not only with a variety of important chronic metabolic
disorders, including type-2 diabetes, non-alcoholic fatty liver diseases,
and cardiovascular diseases, but also with an increased incidence of a
variety of cancers [3]. So far no gold standard treatment beside bar-
iatric surgery for morbidly obese patients has been found but this can
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have strong side effects. Therefore, finding effective non-surgical
therapies, such as dietary intervention [4], is in urgent demand.
Accumulating insights have shed light on an entirely new perspective
suggesting that the gut microbiota plays a key role in the regulation of
host metabolism [5e7]. Microbiota can influence the whole-body
metabolism by affecting energy balance and immune system [8,9].
Understanding the effect of gut microbiota on the pathogenesis of
obesity is of utmost importance for future development of microbiota-
targeted approaches towards its therapy and prevention.
Dietary interventions in obesity using probiotics or prebiotics to spe-
cifically target the gut microbiota have gained wide attentions because
of their potential ability to re-establish gut homeostasis [10,11]. Pro-
biotics are defined as living microorganisms that when administered in
sufficient amounts conferring a health benefit to the host [12]. Pro-
biotics have been shown to interact with endogenous gut bacteria,
which may affect metabolic pathways involved in the regulation of fat
metabolism and obesity development [13]. Early studies, in both ani-
mals and humans, have revealed the potential effectiveness of pro-
biotic administration on high-fat diet (HFD)-induced obesity and
metabolic complications [14e17]. Bifidobacterium lactis and Lacto-
bacillus paracasei were previously shown to affect gut microbiota in
mice and concomitantly attenuate obesity comorbidities [18]. However,
the relationships between these probiotic interventions and the gut
microbiota in the context of obesity have not yet to be investigated at
the functional level. Prebiotics are non-digestible food ingredients or
substances that can selectively stimulate the growth and/or activity of
beneficial bacteria in the intestinal tract [19]. By modulating the gut
microbiota, prebiotics usually influence the production of short-chain
fatty acids (SCFAs) with consequences on gut barrier functions and
immune responses [20]. Typical prebiotics such as oligofructose have
been found to modulate the gut microbiota to counteract HFD-induced
inflammation and related metabolic disturbances in C57BL/6J mice
[21] and potentially in obese human adults [22]. Oat b-glucan has
gained interest recently due to its beneficial role in insulin resistance,
dyslipidemia, hypertension, and obesity-associated metabolic disor-
ders [23,24]. Recently, it has been reported to significantly decrease
body weight and alter blood lipids profiles in HFD-induced obese mice,
accompanied by increased colonic SCFA concentrations and the
occurrence of Lactobacillus, indicating its prebiotic property and anti-
obesity potential [25]. However, these investigations focused primarily
on the host without a comprehensive analysis of the prebiotic-induced
changes in the gut microbiota. Synbiotics are dietary supplements
combining probiotics and prebiotics in a form of synergism. A synbiotic
approach based on the effects of oligofructose and Bifidobacterium
animalis has been applied to modify gut microbiota and attenuate
glycemia in obese rats [26]. A recent clinical trial demonstrated that
probiotic and synbiotic supplementations controlled body fat mass,
reduced waist circumference and food intake in overweight and obese
adults [27]. Hence, synbiotic intervention in obesity-related comor-
bidities is a potential promising strategy. However, this field is still in its
infancy and the detailed characterization of host- and microbiota-
related molecular mechanisms remains to be investigated.
In this study, we investigated how the development of HFD-induced
obesity and associated metabolic disturbances can be improved by di-
etary intervention with a novel synbiotic. We performed controlled dietary
interventions in mice with either two probiotic strains (B. animalis subsp.
lactis DSM 10140 and L. paracasei subsp. paracasei DSM 46331), or a
prebiotic (oatb-glucan), or amixture thereof (synbiotic). Besides detailed
characterization of host metabolic parameters, the gut microbial com-
munities were comprehensively analyzed at both the phylogenetic and
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functional levels to decipher gut microbiota profiles associated with the
dietary interventions in the context of obesity.

2. MATERIALS AND METHODS

2.1. Animal experiments
The experimental procedures were approved by the Animal Experi-
mentation Ethics Committee of The Chinese University of Hong Kong (Ref
NO. 15-023-MIS). All animals were housed in the facilities of the Lab-
oratory Animal Services Centre at the Chinese University of Hong Kong.
After one week of acclimatization, sixty 8-week-old, male, specific
pathogen-free (SPF) C57BL/6J mice were randomly divided into five
groups (n ¼ 12 mice per group). One control group and the other 4
groups were fed diets with 10% (normal diet, ND) and 60% (high-fat
diet, HFD) of total calories from fat (lard) purchased from Harlan
(TD.08806 and TD.06414), respectively. The composition of experi-
mental diet (Table S1) is provided in the Supplementary Materials and
Methods. After another week of acclimatization with the diets, three
groups of HFD-fed mice were subjected to a 12-week dietary inter-
vention with daily oral administration (by gavage) of pro-, pre-, and
synbiotics, respectively. B. animalis subsp. lactis DSM 10140 and L.
paracasei subsp. paracasei DSM 46331 (DSMZ, Braunschweig, Ger-
many) were used for the probiotic group (PRO) at a dose of each 108

cells per day. Oat b-glucan (80% purity, Green Stone Swiss Co., Ltd,
Shanghai, China) was used for the prebiotic group (PRE) at a dose of 1 g/
kg body weight per day. The synbiotic group (SYN) received a combined
dose of the pro- and prebiotics. The ND and HFD control groups received
the same amount of placebo by gavage. Body weight and caloric intake
of the animals were measured weekly. Fecal and cecal samples were
collected for microbial analysis at the end of the 12th week. Details on
the bacterial suspensions preparation and sample collection procedures
are provided in the Supplementary Materials and Methods.

2.2. Assessment of host metabolic parameters
Fasting blood glucose levels were measured with a blood glucose
meter (Accu-Check; Roche Diagnostics, Mannheim, Germany). Oral
glucose tolerance tests (OGTT) were conducted as described in the
Supplementary Materials and Methods. Fasting insulin (Mercodia,
Uppsala, Sweden) and lipopolysaccharide (LPS)-binding protein (LBP;
Cell Sciences, Canton, MA, USA) in serum were determined using
ELISA kits, following the manufacturer’s instructions. Serum choles-
terol and triglycerides were enzymatically determined using com-
mercial kits (Stanbio Laboratory, Boerne, USA). Host mRNA gene
expression of inflammatory markers, including tumor necrosis factor-
alpha (TNF-a), CD11c, monocyte chemotactic protein-1 (MCP-1), and
LPS-binding protein (LBP), in epididymal adipose tissue (eAT), liver,
and jejunum were measured by RT-qPCR as described in the Sup-
plementary Materials and Methods. Histological images of hematoxylin
and eosin (H & E)-stained liver and eAT sections were acquired with a
light microscope (Nikon ECLIPSE 80i, Nikon Instruments Inc., Melville,
NY, USA). Adipocyte size was obtained from perimeter tracings using
the Image J software (NIH, Bethesda, MD, USA).

2.3. High-throughput 16S ribosomal RNA amplicon sequencing
The feces collected at baseline and the 12th week from each mouse
were sequenced. Isolation of metagenomic DNA and Illumina
sequencing of the V3-V4 regions of 16S rRNA genes were performed
as described previously [28]. Data were analyzed using IMNGS and
Rhea [29,30]. Details on wet lab procedures and bioinformatic analysis
are provided in the Supplementary Materials and Methods.
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2.4. Mass spectrometry for targeted metabolites analysis
The concentrations of short-chain fatty acids and bile acids in the
caecum were measured using ultra-high performance liquid chro-
matography (UHPLC; Acquity UPLC, Waters, Milford, MA, USA) coupled
with mass spectrometry (MS) as described previously [31,32]. The
cecal samples used were collected at the 12th week from each mouse,
with n ¼ 12 mice per group. Detailed procedures are provided in the
Supplementary Materials and Methods.

2.5. Mass spectrometry for metaproteome analysis
Cecal metaproteomes were assessed using nano-HPLC system (Ulti-
Mate 3000 RSLCnano, Dionex/Thermo Fisher Scientific, Idstein, Ger-
many) coupled with a QExactive HF (Thermo Fisher Scientific, San
Jose, CA, USA) mass spectrometer. Protein extraction, LC-MS/MS
measurements and bioinformatic analysis were performed as
described earlier [33] and explained in more detail in the Supple-
mentary Materials and Methods. The cecal samples used were
collected at the 12th week after dietary intervention from each mouse,
with n ¼ 6 mice per group.

2.6. Statistical analysis of data
For host parameters and metabolites data, statistical significances
were assessed by one-way ANOVA followed by Tukey post-hoc test
(SPSS Inc., Chicago, IL, USA). Differences were considered significant
when the p-values are below 0.05. For sequencing and metaproteomic
data, statistical tests were done in the R programming environment. P-
values were calculated using non-parametric KruskaleWallis Rank
Sum Test. Wilcoxon Rank Sum Test or independent two-sided Stu-
dent’s t-test was used for pairwise comparison. P-values were cor-
rected for multiple testing using the Benjamini-Hochberg method. P-
values below 0.05 were considered to be statistically significant. Non-
parametrical multiple dimensional scaling plots were computed using
the package vegan and ade4. Details of the bioinformatic analysis are
provided in the Supplementary Materials and Methods.

2.7. Accession number
The sequencing data generated in the present study are available at
the European Nucleotide Archive (ENA) database under accession
number PRJEB26534 (ERP108526). The mass spectrometry meta-
proteomics data were deposited to the ProteomeXchange Consortium
via the PRIDE [34] partner repository and are available under the
dataset identifier PXD009564.

3. RESULTS

3.1. Synbiotic intervention significantly reversed HFD-induced
weight gain and associated metabolic disorders
To validate the effects of the pro-, pre- and synbiotics on HFD-
induced weight gain and metabolic disorders, host metabolic pa-
rameters were measured during and at the end of mice experiments.
After 12 weeks of intervention, HFD-fed mice significantly gained
more body weight and developed features of metabolic complica-
tions when compared with ND-fed mice (Figure 1 and Figure S1).
Dietary interventions with pre- and synbiotic significantly attenuated
most of those HFD-induced features, resulting in decreased body
weight gain (Figure 1A) despite similar energy intake (Figure S2),
decreased liver and eAT weights (Figure S3), improved HOMA-IR
score (Figure 1D), and decreased fasting insulin (Figure 1C), LBP
(Figure 1G) and cholesterol (Figure 1H) levels in serum. Compared
with the pro- and prebiotic treatments, the synbiotic showed the
highest potency in decreasing fasting blood glucose (Figure 1B) and
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improving glucose tolerance in OGTT (Figure 1E and F). Although the
probiotic attenuated the body weight gain only slightly, it was
associated with reduced fasting insulin (Figure 1C) and serum LBP
levels (Figure 1G). Dietary interventions also protected against HFD-
induced hepatic steatosis (Figure 1J) and adipocyte size increase in
eAT (Figure 1K and Figure S4). As determined by quantitative (q)
PCR, the fecal level of each probiotic strain increased significantly
during the pro- and synbiotic interventions (Figure S5), indicating
their presence in the mouse intestine throughout the intervention
period. Taken together, these results indicate that dietary in-
terventions, especially the synbiotic, alleviated HFD-induced weight
gain accompanied by the enhancement of glucose-insulin homeo-
stasis and protection against hepatic steatosis.

3.2. Pro-, pre- and synbiotic interventions alleviated HFD-induced
inflammation in eAT, liver and jejunum
Obesity and its associated metabolic disorders are usually character-
ized by low-grade, chronic systemic inflammation. To assess effects of
the dietary interventions on HFD-induced inflammation, the
inflammation-related makers were quantified by qPCR in tissues of
eAT, liver and jejunum. Compared with ND-fed mice, HFD-fed mice
were characterized by significantly increased gene expressions of all
traced makers. All dietary interventions markedly reduced TNF-a gene
expression level in the liver (Figure 2A). Only the synbiotic intervention
significantly attenuated LBP gene expression level in the liver
(Figure 2G). In eAT, except for the genes of leptin and LBP, both the
pre- and synbiotic treatments significantly decreased the gene ex-
pressions of TNF-a (Figure 2C), CD11c (Figure 2D), and MCP-1
(Figure 2E), while the probiotic treatment did not reach statistical
significance. These results suggest the anti-inflammatory capabilities
of pro-, pre- and synbiotic interventions.

3.3. Pro-, pre- and synbiotic interventions counteracted HFD-
induced shifts in the gut microbiota
To assess the impact of the pro-, pre- and synbiotic treatments on
gut microbiota structure, we sequenced the V3-V4 region of 16S
rRNA genes amplified from feces collected before and after dietary
intervention. After quality- and chimera-check as well as OTU
filtering, we obtained a total of 2,703,373 amplicon sequences
(19,590 � 4,985 per sample) clustering in a total of 224 OTUs at
97% sequence identity. HFD significantly affected alpha-diversity,
leading to a decrease in richness, yet an increase in the Shannon
effective diversity (Figure 3A). The synbiotic intervention significantly
attenuated the reduction in richness and showed the highest
Shannon effective diversity. Beta-diversity analysis based on
phylogenetic distances revealed that samples clustered according to
diets and interventions (Figure 3B). The most distinct clustering was
observed between the ND and HFD. Dietary interventions signifi-
cantly shifted the overall microbial profiles from HFD to ND, with SYN
being the most separated from HFD. Of note, all mice fed the HFD
had overlapping phylogenetic makeup of the gut microbiota before
intervention (Figure S6), indicating that changes observed after 12
weeks of intervention were indeed due to the dietary interventions.
To see whether the differences observed at the level of diversity
were associated with changes in specific microbes, we tested dif-
ferences in taxonomic groups and single OTUs. The relative abun-
dance of sequences classified within the phylum Bacteroidetes was
significantly decreased and that of Firmicutes increased by HFD
(Figure S7). At the family level, the decrease in Bacteroidetes was
reflected by a significant decrease in the relative abundances of
Bacteroidaceae, Bacteroidales S24-7 group, and Prevotellaceae
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Figure 1: Synbiotic intervention significantly reversed HFD-induced weight gain and associated metabolic syndrome parameters after 12 weeks of intervention. (a)
Body weight gain as the percentage of baseline weight for each mouse. (b) Fasting blood glucose. (c) Fasting insulin. (d) HOMA-IR, calculated by fasting blood glucose (mmol/L) x
fasting insulin (mU/L)/22.5. (e) Curve of normalized OGTT (Oral glucose tolerance tests). Data are normalized by subtracting the baseline value (fasting blood glucose) from the
measured value in each mouse. (f) Areas under the curve (AUC) of normalized OGTT. The original Curve of OGTT and AUC of OGTT are available in the Supplementary Figures S12
and S13. (g-i) Levels of LBP (g), cholesterol (h) and triglycerides (i) in serum. Hematoxylin and eosin-stained sections of the liver (j) and epididymal adipose tissue (eAT) (k). Data
are shown as means � SEM. Groups with different letters are significantly different from each other as assessed by one-way ANOVA followed by Tukey post hoc test (P < 0.05).
n ¼ 12 or n ¼ 8 (for g-k) mice per group.
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Figure 2: Probiotic, prebiotic and synbiotic interventions alleviated HFD-induced inflammation in eAT, liver and jejunum. (aec) Gene expression levels of TNF-a in liver
(a), jejunum (b) and eAT (c); (d-f) Gene expression levels of CD11c (d), MCP-1 (e) and leptin (f) in eAT; (g-h) Gene expression levels of LBP in liver (g) and eAT (h) by RT-qPCR. All
mRNA quantification data were normalized to the housekeeping gene GAPDH. Gene expression levels were expressed as values relative to the ND group. Data are shown as
means � SEM. With n ¼ 8 mice per group. Groups with different letters are significantly different from each other as assessed by one-way ANOVA (Tukey post hoc test, P < 0.05).
Abbreviations: TNF- a: tumor necrosis factor-a; eAT: epididymal adipose tissue; MCP-1: monocyte chemotactic protein 1; LBP: lipopolysaccharide-binding protein.
(Figure 3C). The pro- and synbiotics significantly restored the level of
S24-7. In contrast, Rikenellaceae was elevated upon HFD feeding,
which was significantly reversed by all dietary interventions. The
HFD-induced increase in Firmicutes was characterized at the family
level by an increase in the relative abundances of Lachnospiraceae
and Ruminococcaceae (Figure 3C). In contrast, HFD reduced the
relative abundance of Lactobacillaceae, Bifidobacteriaceae, Erysi-
pelotrichaceae and Verrucomicrobiaceae. All interventions, with the
synbiotic one in particular, significantly restored the level of Erysi-
pelotrichaceae (Figure 3C). Sequences within the families of Lacto-
bacillaceae and Bifidobacteriaceae showed higher relative
abundances in the probiotic group, most likely due to the detection
of probiotic strains. At the level of phylotypes, a total of 52 species-
level OTUs were significantly altered by the HFD and dietary
MOLECULAR METABOLISM xxx (xxxx) xxx � 2019 The Authors. Published by Elsevier GmbH. This is an open acce
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interventions (Figure 3D and Table S4). Compared with ND, HFD was
associated with a significant increase in the relative abundance of 28
OTUs (representing 13 genera, 4 families and 3 phyla), 16 of which
were reversed by at least one intervention, and with a significant
decrease in 20 OTUs (representing 14 genera, 7 families and 3
phyla), of which 12 were reversed after dietary intervention. Among
these, 22, 16 and 25 OTUs were significantly reversed by the pro-,
pre- and synbiotic interventions, respectively (Figure 3D). Besides, 4
OTUs (representing 4 genera, 4 families and 2 phyla) were partic-
ularly enriched in PRE and SYN. Taken together, the dietary in-
terventions significantly altered gut microbiota profiles in response to
HFD at the levels of microbial richness, taxonomic composition and
OTUs, indicating the effectiveness of the pro-, pre- and synbiotic
interventions in regulating gut microbial populations.
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Figure 3: Probiotic, prebiotic and synbiotic interventions counteracted HFD-induced shifts in the gut microbiota. (a) Richness and Shannon effective diversity. (b) Non-
metric multidimensional scaling (NMDS) plots based on generalized UniFrac distances. (c) Relative abundances of dominant bacterial families with significant differences between
groups. First four taxa in each row belong to the phyla of Bacteroidetes and Firmicutes, respectively. (d) Relative abundances of the 52 OTUs that were significantly altered by HFD
and reversed by interventions. Their top-hit taxa according to EzTaxon (at genus, family and phylum levels) analysis are depicted on the right. Detailed taxonomic annotation
information is available in the Supplementary Table S4. In the heatmap, the black boxes highlight the OTUs that were significantly altered by HFD, and those were significantly
reversed by interventions, also that were particularly enriched in PRE and SYN. Arrows (“[” and “Y”) in the boxes black boxes highlight OTUs significantly altered by the HFD and
reversed by the funational food interventions. P-values were calculated using ANOVA on Ranks followed by Wilcoxon RankeSum Test and corrected using Benjamini-Hochberg
method. With n ¼ 12 mice per group. *<0.05, **<0.01, ***<0.001.
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3.4. The synbiotic intervention significantly affected gut microbial
ecosystem at the metabolic level
To assess the impact of dietary interventions on gut microbial
ecosystem at the metabolic level, two major groups of gut microbiota-
dependent metabolites in mouse cecal contents were quantified: the
short-chain fatty acids (SCFAs) and bile acids (BAs). HFD feeding was
associated with a significant reduction in the concentrations of acetate,
propionate, butyrate, and iso-butyrate. Dietary interventions signifi-
cantly restored the levels of acetate (Figure 4A), propionate (Figure 4B),
and butyrate (Figure 4C). HFD also increased the level of total BA,
which was significantly reduced by the synbiotic (Figure 4G). HFD
increased most of the identified 21 BAs (Figure 3H). The ability of
synbiotic to reverse total BA level could be reflected by controlling the
levels of bMCA, 7-oxoDCA and other BAs (Figure 4H). BA-related
pathways analysis based on the BA concentrations showed the
same trend with a pronounced effect in SYN (Figure 4I). Taken
together, these results revealed that dietary interventions, especially
the synbiotic one, affected key metabolic activities of the gut microbial
ecosystem beyond the changing at the phylogenetic level.

3.5. The synbiotic intervention significantly affected gut
metaproteomes
To further assess the impact of dietary interventions on gut microbial
ecosystem at the functional level, the cecal metaproteomes were
profiled. A total of 11944 protein groups and 167 KEGG pathways
were identified in all samples. The numbers of protein groups
assigned to different taxa levels are shown in Figure S8. Compared
with ND, HFD significantly decreased the number of identified bac-
terial protein groups (Figure 5A). Beta-diversity analysis based on
protein group intensities also revealed a clear effect of the HFD.
Consistent with the microbial phylogenetic profiles, the most distinct
clustering linked to intervention was observed for SYN compared with
HFD (Figure 5B). We further explored the changes of functional ac-
tivities within specific bacterial groups. Some important families, such
as Erysipelotrichaceae, Lactobacillaceae, Bifidobacteriaceae, and
Prevotellaceae (Figure 5C), had higher functional activities although
they were observed at relative low abundances (Figure 3C). In
contrast, other families had lower functional activities relative to their
total abundances (Figure 5C). Furthermore, at the level of KEGG
pathway, 42 pathways were significantly altered by the HFD and di-
etary interventions (Figure 5D and Table S5). Compared with ND, HFD
significantly increased 19 pathways and decreased the other 22
pathways. Among these pathways, there were four, two and eleven
pathways significantly reversed by the pro-, pre- and synbiotic
treatments, respectively (Figure 5D). In the dominant pathways, HFD
significantly elevated the Glycolysis/Gluconeogenesis pathway but
significantly decreased the Ribosome. All dietary interventions
significantly reversed the impact of HFD on Glycolysis/Gluconeogen-
esis, while the synbiotic one significantly restored the Ribosome
(Figure 5D). In conclusion, metaproteome analyses further revealed
the capabilities of dietary treatments, especially the synbiotic one, in
modulating metabolic pathways and functional activities of gut mi-
crobial ecosystem.

3.6. OTUs and KEGG pathways rescued by the dietary interventions
are significantly associated with host metabolic disorder parameters
The microbial results were further integrated with host parameters
using Pearson’s correlation analysis. A total of 19 OTUs and 13
pathways that were significantly reversed by at least one intervention
had significant (P < 0.05) and strong (r > 0.5) correlations with host
metabolic parameters (Figures S10 and S11). These two correlation
MOLECULAR METABOLISM xxx (xxxx) xxx � 2019 The Authors. Published by Elsevier GmbH. This is an open acce
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results were integrated and visualized in Cytoscape 3.6.0, the upper
left and lower right areas are those negatively and positively correlated
with obesity (Figure 6). From the network, it was found that the relative
abundances of OTU2850/1682/26 (Alistipes timonensis) were posi-
tively correlated with most of the host parameters and the correlations
were very strong, indicating an important link of this microbe to
obesity. Other OTUs, including 3035, 110, 67, and 48, were negatively
correlated with obesity, suggesting their potential role as probiotics for
future preventive and therapeutic applications. In pathways, the
pathways of Glycolysis/Gluconeogenesis, Lysine biosynthesis and
Primary bile acid biosynthesis were positively correlated with obesity,
while Ribosome, Oxidative phosphorylation, RNA polymerase and
Transcription machinery were negatively correlated with obesity
(Figure 6). The network highlighted that the impact of dietary in-
terventions used in this study are mediated through the regulation of
obesity-associated bacteria, which in turn, modulates the functional
activities of gut microbial ecosystem in terms of carbohydrate, amino
acid, lipid and energy metabolisms.

4. DISCUSSION

The primary aim of this study was to assess the impact of dietary
interventions on diet-induced obesity and comorbidities in mice, along
with detailed characterization of the gut microbiota. Whereas the ef-
fects of the selected probiotic strains and oat b-glucans were sepa-
rately reported elsewhere in the context of obesity and metabolic
syndrome [18,25,35], the novelty of the present study is threefold: (i) a
novel synbiotic candidate was used and comprehensive mouse ex-
periments were conducted to investigate its impact on obesity in
comparison with individual pro- and prebiotic components; (ii) the gut
microbial ecosystem was deeply characterized at both the phyloge-
netic and functional (metabolic and metaproteomic) levels in the
context of obesity and dietary interventions; (iii) multi-omics data were
further integrated and the important taxa and metabolic pathways that
mediated the beneficial effects of the novel synbiotic were identified.
Adiposity and metabolic complication have been associated with low
bacterial richness in the gut [36e38]. A similar result was observed in
the present study, which was compensated by dietary intervention with
the synbiotic. At the taxonomic level, relative abundance of the family
Rikenellaceae was previously found to be elevated in the gut micro-
biota of HFD-induced obese mice [39,40], which is consistent with our
findings. Bacteria within family S24-7 (order Bacteroidales) are
abundant members in the mouse gut that are efficient primary
fermenter capable of producing acetate, propionate, and succinate
[41]. Increased relative abundances of S24-7 have been described in
HFD-fed diabetes-sensitive mice supplemented with gluco-
oligosaccharide [42], in mice fed a low-fat diet associated with
increased exercise [43], and in mice following treatment-induced
remission of colitis [44]. Taken together, the effect of interventions
on microbiota was associated with significantly reducing the obesity-
associated family of Rikenellaceae and restoring the levels of SCFA
producer S24-7. At the level of OTUs, the relative abundance of A.
timonensis (OTU26/2850/1682) [45] and Alistipes inops (OTU20) [46]
were markedly elevated by the HFD, which were reversed by the in-
terventions and positively correlated with many host metabolic syn-
drome parameters, suggesting their potential role as biomarkers for
early screening of metabolic disorders. In contrast, the relative
abundance of Bacteroides vulgatus (OTU32/2325/875) [47], Bacter-
oides dorei (OTU2583) [48], and Bacteroides oleiciplenus (OTU922)
[49] were significantly decreased by the HFD. B. vulgatus is generally
considered to be a beneficial gut commensal, with specific strains of
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 4: Synbiotic intervention significantly affected the SCFAs and bile acids profiles in the cecum in response to HFD. (aef) Levels of acetate (a), propionate (b),
butyrate (c), isobutyrate (d), valerate (e), isovalerate (f). (g) Levels of total bile acids. (h) Overall patterns of the 21 detected bile acids. (i) Bile acids-related KEGG pathways that
were calculated based on bile acids concentrations. In the heatmap, the black boxes highlight the bile acids or pathways that were particularly reversed by the prebiotic and
synbiotic interventions. Data are shown as mmol/g wet weight of cecal content. With n ¼ 12 mice per group. *<0.05, **<0.01, ***<0.001 by one-way ANOVA (Tukey post hoc
test). Abbreviations: THDCA: Taurohyodeoxycholic acid; TCDCA: Taurochenodeoxycholic acid; TUDCA: Tauroursodeoxycholic acid; CA: Cholic acid; aTMCA: a-Tauromuricholic acid;
bTMCA: b-Tauromuricholic acid; TCA: Taurocholic acid; CA-7S: Cholic acid 7-sulfate; DCA: Deoxycholic acid; uMCA: u-Muricholic acid; MDCA: Murideoxycholic acid; 3-
dehydroCDCA: 3-dehydrochenodeoxycholic acid; LCA: Lithocholic acid; 7-oxoDCA: 7-oxodeoxycholic acid; TDCA: Taurodeoxycholic acid; alloCA: Allocholic acid; UDCA: Urso-
deoxycholic acid; uTMCA: u-Tauromuricholic acid; HDCA: Hyodeoxycholic acid; bMCA: b-Muricholic acid; aMCA: a-Muricholic acid.
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Figure 5: Synbiotic intervention significantly altered gut metaproteomes in response to HFD. (a) Mean number of identified bacterial protein groups in five groups of mice.
(b) Non-metric multidimensional scaling (NMDS) plots based on bacterial protein group intensities. (c) Relative intensities of dominated bacterial taxa (at the family level) with
significant changes based on relative protein group intensities. Taxa in the first and second rows were up- and down-regulated, respectively, compared with the results at
phylogenetic level. (d) The relative numbers of 42 important KEGG pathways that were significantly altered by HFD and reversed by interventions, their KEGG sub-functional role are
depicted and color-coded on the right. The detailed information of these 42 significant pathways is available in the Supplementary Table S5. Pathways are displayed in high (>5%),
medium and low (<1%) portions using boxplots (for high) and heatmaps (for medium and low). In the heatmaps, the black boxes highlight the pathways that were significantly
altered by HFD, and those were significantly reversed by interventions, also that was particularly enriched in PRE and SYN. Arrows (“[” and “Y”) in the boxes indicate the changing
directions (increased and decreased) of HFD vs ND, PRO vs HFD, PRE vs HFD, SYN vs HFD, respectively. Data are shown as means � SEM in (a) and as relative numbers (%) based
on relative protein group numbers in (d). With n ¼ 6 mice per group. Groups with different letters are significantly different from each other assessed by KruskaleWallis test
followed by post-hoc independent two-sided Students test (for a) or Fisher LSD (P < 0.05).
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Figure 6: Correlation network: specific OTUs and KEGG pathways reversed by the dietary interventions are significantly correlated with host metabolic syndrome
parameters. Variables are color-coded as follows: OTUs, black; pathways, dark green; host parameters, purple. Solid lines indicate the correlations between OTUs and host
metabolic parameters; dash lines indicate the correlations between pathways and host metabolic parameters. Only OTUs and pathways that have significant (p < 0.05) and strong
(r > 0.5) correlations and that were significantly reversed by at least one intervention compared with HFD are displayed. Red and blue edges indicate positive and negative
correlations, respectively. The size of the OTUs and pathways are proportional to their relative abundances (%) and relative numbers (%), respectively. The width of edges indicates
the intensities of correlation with the wider the edges, the stronger the correlation. Details on statistics including P value and corrected P value are provided in the Supplementary
Table S6. OTU numbers are used to indicate OTUs. Abbreviations for pathways: G, Glycolysis/Gluconeogenesis; C, Carbohydrate metabolism; L, Lysine biosynthesis; M, Mono-
bactam biosynthesis; R, Ribosome; O, Oxidative phosphorylation; R2, RNA polymerase; T, Transcription machinery; D, DNA repair and recombination proteins; P, Prokaryotic
Defense System; PBA, Primary bile acid biosynthesis; CLM, Cholesterol metabolism; THM, Taurine and hypotaurine metabolism; Abbreviations for host parameters: Weight, Weight
gain; Glucose, Fasting blood glucose; Insulin, Fasting insulin; HOMA, HOMA-IR; OGTT, AUC of OGTT; Adipocyte, eAT adipocyte size; Liver.TNF, Liver TNF-a mRNA; Je.TNF, Jejunum
TNF-a mRNA; eAT.TNF, eAT TNF-a mRNA; eAT.CD11, eAT CD11c mRNA; eAT.MCP, eAT MCP-1 mRNA.
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B. vulgatus shown to be reduced in gut microbiome of Crohn’s disease
patients [44], be capable of protecting against colitis [50] and be
identified as potential new probiotic for the treatment of inflammatory
and infectious gastrointestinal disorders [51]. Furthermore, we
observed that the interventions significantly restored the HFD-reduced
species of Faecalibaculum rodentium (OTU67) [52] and Alistipes
putredinis (OTU48) [53]. F. rodentium is a gram-positive obligate
anaerobe within the genus of Faecalibaculum. It has higher fermen-
tation ability, especially butyrate production, than other related or-
ganisms and has been hypothesized as the main replacer of
Lactobacillus and Bifidobacterium between the early and late stages of
life, along with a shift from lactate metabolism to increased SCFAs
production and carbohydrate metabolism [54]. A. putredinis has been
demonstrated to be the major bacterium that governs the changes in
bacterial community composition by cruciferous vegetable consump-
tion [55]. In the present study, the relative abundances of A. putredinis
10 MOLECULAR METABOLISM xxx (xxxx) xxx � 2019 The Authors. Published by Elsevier GmbH. T
and F. rodentium were negatively correlated with host metabolic
syndrome parameters, possibly suggesting the important role of these
two species in alleviating HFD-driven metabolic disturbances and
indicating their potential role as probiotics. Taken together, several
potentially important OTUs were identified for future investigations as
either biomarker of metabolic disorders or as probiotics for preventive
and therapeutic applications.
One potential mechanism underlying the regulation of host metabolism
by the gut microbiota is through the production of bioactive metabolites
and their regulatory effects. The SCFAs and BAs are two important
groups of microbiome-derived metabolites with profound impacts on
microbial homeostasis and host metabolism [56,57]. The major mi-
crobial fermentation products of dietary fibers in the gut are SCFAs, in
particular, acetate, propionate, and butyrate [58]. However, when
fermentable dietary fibers are in short supply, microbes can switch to
consuming energetically less favorable sources, such as amino acids
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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or dietary fats [59]. This might explain several associations we
observed in HFD-fed mice: the association between the decrease in
SCFAs concentrations and the increase in metabolic pathways involved
in amino acid and lipid metabolisms. Dietary supplementations with
acetate [60], butyrate and propionate [61] have been demonstrated to
protect against diet-induced obesity and regulate gut hormones in
rodents. In humans, a significant reduction in weight gain was
observed after long-term supplementation with inulin-propionate ester,
which can be metabolized by the microbiota to propionate in the colon
[62]. In the present study, all dietary interventions significantly restored
the cecal levels of acetate, propionate, and butyrate, indicating that our
interventions might regulate the gut microbiota by favoring the growth
and/or activity of SCFAs producers, such as F. rodentium, A. putredinis
and bacteria within the family of S24-7.
During the last decades, it has become clear that BAs not only serve as
detergent to facilitate the absorption of lipids, but also act as signaling
molecules. Recent findings supported the important role of the cross-
talk between BAs and gut microbiota in regulating host metabolism
[57,63,64]. Changes in BAs and their metabolism have been impli-
cated in irritable bowel syndrome [65], Crohn’s disease [66], and
diabetes [67,68]. Furthermore, the activation of FXR, the cognate re-
ceptor of BAs, has been reported to improve metabolic syndrome in
mouse models [69,70], providing additional insight into the effect of
the gut microbiota on metabolic syndrome. By investigating alterations
of the overall bile acid pools in the context of obesity and with dietary
interventions, we observed that the synbiotic significantly reduced the
concentrations of total BAs and a number of BAs, including TCDCA,
TCA, TUDCA and TDCA. BAs regulate important metabolic pathways,
including those involved in drug, lipid, carbohydrate, and energy
metabolism and transport [71]. BAs can also influence the microbiota
composition. It has been reported that increased BA concentrations
resulted in an increase in Firmicutes and a decrease in Bacteroidetes
[72], which was also observed in the microbiota of our HFD mice.
Gram-negative bacteria are currently thought to be more resistant to
BAs than Gram-positive microorganisms [73]. This indicates that the
synbiotic might modulate microbiota via the down-regulation of BAs,
which in turn creates a microbial environment that favors the growth of
some Gram-positive microbes.
Compared with metaproteomics, which measures proteins - the direct
effectors of biological processes, provides an opportunity to charac-
terize gut microbial functions and activities at a deeper level. The
clinical importance of interrogating gut microbiota using meta-
proteomics has been highlighted recently [74]. To our knowledge, this
is the first study that illustrates the effects of synbiotics on the gut
microbiota in the context of metabolic disorders using metaproteomics.
Consistent with a metaproteomic analysis by Kolmeder and colleagues
[75], we found that Firmicutes (60e70% of assigned protein groups)
as the most prominent phylum as compared with Bacteroidetes (2e
15%). In present study, HFD affected both total and active bacteria with
around 60% Firmicutes and 40% Bacteroidetes in HFD compared with
40% Firmicutes and 60% Bacteroidetes in ND. At the functional level,
Firmicutes showed more activity in HFD (60e70% Firmicutes and 2e
4% Bacteroidetes) compared with ND (50e60% Firmicutes and 5e
15% Bacteroidetes). These indicated that the abundances and activ-
ities of many bacteria within the phylum of Bacteroidetes were
decreased or even depleted due to HFD. These differences between
the phylogenetic and functional levels highlight the importance of
comparative analysis of gut microbiota at both levels, as whether a
community member is active or not is not evident in genomics data
alone. When assessing the metaproteome of the important taxa
identified, the protein groups originating from F. rodentium were found
MOLECULAR METABOLISM xxx (xxxx) xxx � 2019 The Authors. Published by Elsevier GmbH. This is an open acce
www.molecularmetabolism.com
in many important pathways, including the Butanoate and Propanoate
metabolisms, Ribosome, Amino acid related enzymes, and DNA repair
and recombination proteins. Most of F. rodentium-originated proteins
involved in those pathways were only detected in ND but were depleted
in HFD while a few were detected again in SYN. This pattern was
similar to that of proteins derived from Bifidobacterium spp. and
Lactobacillus spp. in those pathways. These results further support the
important role of F. rodentium (OUT 67) in the regulation of metabolic
pathways. However, up to now large parts of the microbiome is still not
deciphered which could mean that changes in the metaproteome can
be mediated by other still unknown bacteria.
At the pathway level, in consistence with a previous functional study of
gut microbial communities in lean and obese guts using meta-
proteomics [76], we found the cell mobility, and carbohydrate and lipid
metabolisms were significantly increased by HFD, while the nucleotide
metabolism was decreased. In agreement with another metaproteomic
analysis of gut microbiota in mice fed with HFD [39], a significant
increase in functions involved in amino acid metabolism and cell
motility by HFD, while a decrease in energy and nucleotide metabo-
lisms were observed. It has been proposed that when compared with
African rural diets that are high in complex carbohydrates, a west-
ernized diet is associated with metagenomes enriched in amino acid-
and simple sugar-degrading enzymes [77]. Hence, our data are
consistent with the literature and we proposed that HFD could induce a
striking change in the functional activities of the gut ecosystem, which
is characterized mainly by an increase in cell motility, and amino acid,
carbohydrate and lipid metabolisms as well as a decrease in energy
and nucleotide metabolisms. In the present study, the synbiotic
significantly reversed 11 KEGG pathways that are involved in carbo-
hydrate, amino acid, and energy metabolisms, biosynthesis of other
secondary metabolites, transcription, translation, replication and
repair, as well as transport and catabolism.
Altogether, the dietary interventions with the pro-, pre- and synbiotics
used in the present study alleviated HFD-induced metabolic disorders
and concomitantly modulated the gut microbiota at different levels:
firstly, regulating the microbial population at the diversity and taxo-
nomic levels, including a significant reduction in the obesity-associated
taxa (such as A. timonensis, A. inops and Rikenellaceae), and a
restoration of carbohydrate-degrading and SCFA-producing taxa (such
as F. rodentium, A. putredinis and Bacteroidales S24-7); secondly,
regulating important microbial metabolites including (i) SCFAs by
restoring the concentrations of acetate, propionate, and butyrate and
(ii) total BA by controlling the levels of primary and secondary BAs;
thirdly, regulating the functional activity of gut ecosystem, mostly via
the reorganization of important metabolic pathways including carbo-
hydrate, amino acid, and energy metabolisms; fourthly, diet-mediated
modulation in the cross-talk between microbial communities and their
metabolites leading to the functional activity alterations of gut
ecosystem, which in turn, forms an environment that favors the growth
of particular microbes and the formation of certain metabolites.
Relative to pro- and prebiotics, the synbiotic treatment seemed to be
more potent in attenuating weight gain, which was linked to a more
efficient regulation of gut microbiota with regard to (i) regulating mi-
crobial populations by significantly increasing microbial richness and
reversing more OTUs; (ii) controlling the levels of total BA and several
BAs; (iii) regulating microbial functions by significantly shifting the
overall metaproteome profiles away from HFD and reversing more
metabolic pathways.
In summary, we propose a novel dietary strategy with synbiotic
intervention for the improvement of HFD-induced weight gain, and
thoroughly elucidated its effects on the regulation of the gut microbial
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
ecosystem at multiple aspects (including genes, proteins, and me-
tabolites) in a mouse model. This study provides a resourceful, multi-
dimensional dataset that will facilitate future investigations of the
relationship among diets, gut microbiota, and obesity, as well as future
applications of dietary intervention in clinical prevention or therapy of
obesity and its associated metabolic disorders.
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