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Abstract Inulin has been used as a prebiotic to alleviate glucose and lipid metabolism disorders in

mice and humans by modulating the gut microbiota. However, the mechanism underlying the alle-

viation of metabolic disorders by inulin through interactions between the gut microbiota and host
nces and
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cells is unclear. We use ob/obmice as a model to study the effect of inulin on the cecal microbiota by

16S rRNA gene amplicon sequencing and its interaction with host cells by transcriptomics. The

inulin-supplemented diet improved glucose and lipid metabolism disorder parameters in ob/obmice,

alleviating fat accumulation and glucose intolerance. The a diversity of gut microbial community of

ob/ob mice was reduced after inulin treatment, while the b diversity tended to return to the level of

wild type mice. Interestingly, Prevotellaceae UCG 001 (family Prevotellaceae) was obviously

enriched after inulin treatment. A comparative analysis of the gene expression profile showed that

the cecal transcriptome was changed in leptin gene deficiency mice, whereas the inulin-supplemented

diet partially reversed the changes in leptin gene-related signaling pathways, especially AMPK sig-

naling pathway, where the levels of gene expression became comparable to those in wild type mice.

Further analysis indicated that Prevotellaceae UCG 001 was positively correlated with the AMPK

signaling pathway, which was negatively correlated with markers of glycolipid metabolism disor-

ders. Our results suggest that the inulin-supplemented diet alleviates glucose and lipid metabolism

disorders by partially restoring leptin related pathways mediated by gut microbiota.
Introduction

Inulin is a common prebiotic defined as a non-digestible diet-

ary fiber that supports the growth of probiotics [1]. To be more
specific, it can stimulate the growth of bifidobacteria in the
intestine [2]. Therefore, inulin has been used to regulate gut

microbiota-related disorders, such as metabolic disorders,
allergies, and inflammatory bowel disease (IBD) [3–6]. To date,
only one prebiotic has been identified by European Food
Safety Authority: inulin improves bowel function [7]. In addi-

tion, the probiotic effect of inulin, such as changing the gut
microbiota of obese individuals, increasing the abundances
of bifidobacteria and Akkermansia muciniphila in obese indi-

viduals and improving metabolic disorders, have been widely
reported [5,8–11]. Inulin can be enzymatically hydrolyzed by
some bacteria to produce short-chain fatty acids (SCFAs) in

the colon, which can bind to G protein-coupled receptors
41/43 (GPR41/43) expressed on the intestinal epithelial cell
membrane and then stimulate Glucagon-like peptide-1
(GLP-1) production. As a consequence, GLP-1 has a chronic

effect on the host energy metabolism system [12,13].
Several metabolites produced by the gut microbiota (e.g.,

SCFAs and lipopolysaccharide (LPS)) can affect host gene

expression profile and regulate host energy balance involving
free fatty acid receptor (FFA) 2/3, fasting-induced adipocyte
factor (Fiaf), and adenosine monophosphate (AMP)-

activated protein kinase (AMPK) [13–16]. Additionally,
SCFAs can regulate the secretion of gut peptides (e.g., GLP-
1 and Peptides YY (PYY)) by recognizing receptors on the sur-

face of intestinal cells. These gut peptides have positive effects
on reducing food intake and improving glucose metabolism
[17]. Conversely, LPS, as a type of pathogen-associated molec-
ular patterns (PAMPs), can trigger low-grade inflammation,

which leads to the occurrence of metabolism disorders [18].
Obesity is a typical metabolic disorder, and the gut micro-

biota is regarded as an important body part that may provide

additional contributions to obesity besides the contributions of
the host genotype and lifestyle. Previous studies have provided
solid evidence that the gut microbiota can affect host energy

intake [15,19].
AMPK as a key protein kinases of host energy status, plays

an essential role in host energy balance. It can regulate the

expression of adipokines, which are involved in body weight
control, appetite control, and maintenance of metabolism
homeostasis [20]. In general, the role of AMPK in liver, fat,
and skeletal muscle tissue is critical, and the activity of AMPK
can be tuned by different factors such as drug intervention.

We hypothesize that the AMPK signaling pathway can also

play an important role in modulating gene expression of cecal
tissue after the inulin-supplemented diet intervention and has
effects on other signaling pathways related to obesity. To

understand the mechanism underlying the improvement in gly-
colipid metabolism disorders by inulin in obese individuals,
ob/ob mice were selected to seek the effect of the inulin-
supplemented diet on the cecal microbiota and its possible

influence on the host cecal gene expression profile.
Results

The inulin-supplemented diet can improve metabolic disorder-

related symptoms in genetically obese mice

To investigate the effect of inulin treatment on glycolipid
metabolism disorders in genetically obese mice, we examined

the body weight, daily food intake, liver weight and glycolipid
metabolism related parameters. The initial body weight (Fig-
ure S1), daily food intake, liver index, serum total cholesterol

(TC), TC/high-density lipoprotein cholesterol (HDL-C) ratio
and the area under the curve (AUC) of the Intraperitoneal glu-
cose tolerance test (IPGTT) of the ob/ob mice (ob/ob) were sig-

nificantly elevated compared with those of wild type mice
(P< 0.05, one-way analysis of variance (ANOVA) followed
by the Tukey post hoc test, Figure 1A–F), indicating severe glu-

cose intolerance and dyslipidemia. In contrast, ob/ob mice fed
the inulin-supplemented diet (ob/ob inulin) for 4 weeks showed
improved metabolic parameters. After inulin intervention, the
treated group showed no statistically significant difference in

body weight change compared with the ob/ob group (Fig-
ure S2), but had a significantly lower daily food intake
(P< 0.05, one-way ANOVA followed by the Tukey post hoc

test, Figure 1A), serum TC, and TC/HDL-C ratio (P < 0.05,
one-way ANOVA followed by the Tukey post hoc test, Fig-
ure 1C, D). Additionally, the AUC of IPGTT was lowered,

indicating a significant improvement in glucose tolerance
(P< 0.05, one-way ANOVA followed by the Tukey post hoc
test, Figure 1E, F). Subsequently, we measured the Glp-1
mRNA level in colonic tissue. The inulin-supplemented diet

could rise the Glp-1 mRNA level in ob/ob inulin, meaning that
inulin restored glucose homeostasis in ob/ob mice (P < 0.05,
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Figure 1 Improvement in metabolic parameters in ob/ob mice by inulin

A. Daily food intake. B. Liver index. C. Serum TC. D. Ratio of TC/HDL-C. E. Plasma glucose (mM) profile. *P < 0.05 for ob/ob inulin

versus wild type; $P < 0.05 for ob/ob inulin versus ob/ob. F. Mean AUC measured during the IPGTT mM�min). G. Relative expression of

colonic Glp-1. H. Representative H&E-stained images of the liver. Scale bars, 200 lm. n= 6 per group. TC, total cholesterol; HDL-C,

high-density lipoprotein cholesterol; AUC, area under the curve; IPGTT, intraperitoneal glucose tolerance test; Glp-1, glucagon-like

peptide-1. Data are presented as mean ± SEM. Data were analyzed using one-way ANOVA followed by the Tukey post hoc test for A–D,

F, and G and with two-way ANOVA followed by the Bonferroni post hoc test for E. n= 6 per group. **P < 0.01; ***P < 0.001.
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one-way ANOVA followed by the Tukey post hoc test, Fig-

ure 1G), which was not reported previously. According to liver
tissue staining (Figure 1H), ob/ob mice exhibited severe hepatic
steatosis, which was alleviated after inulin treatment. Overall,

the above results indicate that inulin has a beneficial effect that
ameliorates glycolipid metabolism disorders in ob/ob mice.

The ob/ob mice fed the inulin-supplemented diet show apparent

changes in gut microbial structure

To explore the effect of inulin treatment on the gut microbiota
of ob/ob mice, we performed 16S rRNA sequencing of the
cecal contents. We used the 16S rRNA gene amplicon sequenc-
ing method (V3-V4 region) and generated 3,179,284 reads for a

total of 18 samples, with an average of 176,627 ± 22,171 reads
per sample. Compared with the genetically obese mice, the
treated group had slightly fewer operational taxonomic units

(OTUs) (P = 0.063, one-way ANOVA followed by the Tukey
post hoc test, Figure 2A) and a significantly lower a diversity
index (Shannon and Simpson indexes) (P < 0.05, one-way

ANOVA followed by the Tukey post hoc test, Figure 2B, C).
The principal coordinates analysis (PCoA) of the weighted
UniFrac distances analysis for the gut microbiota of the three
mouse groups showed that the wild type and ob/ob groups

were clearly clustered into two separate groups, while the val-
ues for the ob/ob inulin mice were clustered between the two



Figure 2 Inulin modifies the composition of the cecal microbiota in ob/ob mice

A. OTU number. B. Shannon index of microbiota. C. Simpson index of microbiota. D. LDA scores of differentially abundant taxa

between the wild type and ob/obmice using the LEfSe method. E. LDA scores of differentially abundant taxa between the ob/ob and ob/ob

inulin mice using the LEfSe method. F. Relative abundance of Prevotellaceae UCG 001. G. Relative abundance of Alistipes,

Anaerotruncus, Intestinimonas, and Family XIII UCG 001. OTU, operational taxonomic unit. Data were analyzed using one-way ANOVA

followed by the Tukey post hoc test for A–C, and Kruskal–Wallis sum-rank test and Wilcoxon rank-sum test for D, E. n= 6 per group.
*P < 0.05.
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groups. However, the three groups shared some overlapping
regions (Figure S3). In summary, we did not detect significant

differences in bacterial diversity between wild type and ob/ob
mice, while there was a slightly lower bacterial diversity in
ob/ob inulin mice.
The phylum Bacteroidetes was dominant among the 9
phyla present in the gut microbiota from the three groups of

mice, and the ratio of Firmicutes/Bacteroidetes was increased
in ob/ob mice over wild type group, but lower in the ob/ob inu-
lin group compared with ob/ob mice (Figure S4). The gut



68 Genomics Proteomics Bioinformatics 17 (2019) 64–75
microbiota in obese individuals has usually shown an increased
Firmicutes/Bacteroidetes ratio [21]. Therefore, the decreased
Firmicutes/Bacteroidetes ratio of ob/ob inulin means that this

feature in obesity could be reversed by the inulin-
supplemented diet.

Next, to identify the changes in specific bacterial taxa after

the inulin-supplemented diet intervention, we utilized the lin-
ear discriminant analysis (LDA) effect size (LEfSe) to compare
the cecal microbiota composition between the ob/ob and ob/ob

inulin groups. At the genus level, LDA score was selected to
discriminate specific taxa in different groups. Compared with
the wild type group, the ob/ob mice had a higher abundance
of Alistipes, Anaerotruncus, Roseburia, Candidatus Sacchari-

monas, Lachnospiraceae UCG 001, Intestinimonas, Turicibac-
ter, and Family XIII UCG 001 but a lower abundance of
Prevotellaceae UCG 001, Parasutterella, Parabacteroides,

Erysipelatoclostridium, and Bilophila (Figure 2D). Correspond-
ingly, Alistipes, Anaerotruncus, Desulfovibrio, Lactobacillus,
Butyricicoccus, Intestinimonas, Ruminiclostridium 6, Family

XIII UCG 001, and Ruminococcaceae UCG 005 were enriched
in the ob/ob group, and Prevotellaceae UCG 001, Oscillibacter,
Lachnospiraceae UCG 006, Lachnospiraceae UCG 008, Enter-

obacter, and Parvibacter were increased by inulin treatment
in the ob/ob mice (Figure 2E). From the results of the above
LEfSe analyses at the genus level, we obtained 5 genera,
Figure 3 Transcriptomic analyses of the cecal tissue

A. Heatmap of the expression values of 8 signaling pathways in each

normalized z-score using the enrichment score of signaling pathways.

using one-way ANOVA followed by the Tukey post hoc test for B. n
Prevotellaceae UCG 001, Alistipes, Anaerotruncus, Intestini-
monas, and Family XIII UCG 001 (P < 0.05, Kruskal–Wallis
sum-rank test and Wilcoxon rank-sum test, Figure 2F, G).

The relative abundance of Bifidobacterium in the intestine of
the wild type and ob/ob groups was extremely low. After the
intervention, there was a slight but not significant increase in

the abundance of this genus, which was consistent with previ-
ous studies [11] (Figure S5).

Metabolism-related signaling pathways changed in the cecum of

leptin deficiency mice

To study the difference in the cecal transcriptome between wild
type mice and genetically obese mice, RNA sequencing was
performed. Comparative analysis of cecal transcriptomic pro-

files of ob/ob and wild type mice indicated that there were 1208
differentially expressed genes (DEGs) in the ob/ob mice com-
pared to wild type (762 upregulated genes, including 242 genes

with more than doubled expression levels; 446 downregulated
genes, including 138 with more than halved expression levels,
P < 0.05, Wald test, Figure S6). To further investigate the bio-
logical signaling pathways involved in the above DEGs, we

used the Kyoto Encyclopedia of Genes and Genomes (KEGG)
to do the enrichment analysis. We found that there were 232
signaling pathways involved in the DEGs between the ob/ob
sample. The expression values of 18 samples are presented as the

B. Enrichment score of 8 signaling pathways. Data were analyzed

= 6 per group. *P < 0.05; **P < 0.01; ***P < 0.001.



Song X et al / Inulin Alleviate Metabolic Disorders by Restoring Pathways 69
and wild type groups. Subsequently, according to the results of
the correlation analysis, we obtained 50 candidate signaling
pathways, which had strong correlations with the 5 metabolic

parameters. These signaling pathways were mainly involved in
certain KEGG categories, such as Environmental information
processing, Organismal systems, and Metabolism. This result

indicated that leptin gene deficiency in ob/ob mice affected
some metabolism-related signaling pathways.
The inulin-supplemented diet restores certain metabolism-related

signaling pathways in ob/ob mice

We then investigated the effect of inulin treatment on the cecal

transcriptome of obese mice. As the above results indicated
that some metabolism-related signaling pathways of the cecum
were changed in leptin gene deficiency mice, we continued to
analyze the cecal transcriptome data after the inulin-

supplemented diet. In total, there were 362 DEGs between
ob/ob inulin and ob/ob (216 upregulated genes, including 42
genes with more than doubled expression; 146 downregulated

genes, including 34 genes with more than halved expression
levels, P < 0.05, Wald test, Figure S7). We found that 140 sig-
naling pathways were involved in these DEGs. Using the same

correlation analysis method as above, we selected 62 candidate
signaling pathways. Finally, comparisons of the candidate
pathways between ob/ob vs. wild type and ob/ob inulin vs.
ob/ob identified 8 signaling pathways for which the enrichment

score was changed due to leptin gene deficiency but restored by
the inulin-supplemented diet (Figure 3A). In detail, the AMPK
signaling pathway, Sphingolipid signaling pathway, Dopamin-

ergic synapse, and Glycine/serine/threonine metabolism were
downregulated, and in contrast, Pyruvate metabolism, Glycol-
ysis/Gluconeogenesis, Arachidonic acid metabolism, and Thy-

roid hormone synthesis were elevated in the ob/ob group
compared with the wild type group (p < 0.05, one-way
ANOVA followed by the Tukey post hoc test, Figure 3B). Fur-

thermore, the change in the enrichment score of these 8 signal-
ing pathways was reversed after the inulin-supplemented diet
(Table S1).
Figure 4 Correlations among gut bacteria, signaling pathways, and m

A. Heatmap of the Spearman correlations between 5 genera, 8 sign

Spearman correlations between 5 genera and 8 signaling pathways. T

AUC, area under the curve; IPGTT, intraperitoneal glucose tolerance
Correlations among the bacteria, signaling pathways, and metabolic

parameters

Here, to further analyze the association between the cecal
microbiota and the cecal transcriptome, we performed correla-

tion analyses comparing the 5 bacterial genera and 8 signaling
pathways with 5 metabolic parameters. These correlation anal-
yses showed that Prevotellaceae UCG 001 had a significant
negative correlation with liver index and TC/HDL-C. How-

ever, Alistipes, Anaerotruncus, and Family XIII UCG 001 were
positively correlated with these parameters. Additionally, we
found that the AMPK signaling pathway, Sphingolipid signal-

ing pathway, Dopaminergic synapse, and Glycine/serine/
threonine metabolism were negatively correlated with the 5
metabolic parameters, while Pyruvate metabolism, Glycoly-

sis/Gluconeogenesis, Thyroid hormone synthesis, and Arachi-
donic acid metabolism had positive correlations with the
metabolic parameters (Figure 4A).

Obviously, the gut microbiota could be affected by both
leptin gene deficiency and inulin-supplemented diet. We per-
formed correlation analyses between the 5 bacterial genera
and 8 signaling pathways. The results showed that there was

a significant positive correlation between the enrichment score
of the AMPK signaling pathway and Prevotellaceae UCG 001,
and the AMPK signaling pathway was negatively associated

with the other 4 bacterial genera. However, the abundance
of Prevotellaceae UCG 001 had significant positive correlations
with the enrichment scores of the AMPK signaling pathway,

Sphingolipid signaling pathway, and Dopaminergic synapse.
Conversely, Alistipes had significant positive correlations with
Pyruvate metabolism, Glycolysis/Gluconeogenesis, Thyroid
hormone synthesis, and Arachidonic acid metabolism, which

were negatively correlated with the abundance of Prevotel-
laceae UCG 001 (Figure 4B).

Discussion

Disorder of the gut microbiota has been considered one of the

reasons for metabolic disorders. Gut microbes can regulate gut
etabolic parameters

aling pathways and 5 metabolic parameters. B. Heatmap of the

C, total cholesterol; HDL-C, high-density lipoprotein cholesterol;

test. n= 6 per group. *P < 0.05.
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micro-ecology through cell surface molecules and/or their
metabolites, thereby affecting the host metabolic system,
immune system, and nervous system [19,22–24]. Although pre-

biotics can exert positive effects on the maintenance of host
metabolic homeostasis, which are mainly mediated by gut
microbiota [7], there are few reports on the effects of prebiotics

on the intestinal gene expression [5,11]. Genetically obese mice
and lean mice have marked differences in several metabolic
parameters and the gut microbiota [4]. Here, we reveal that

the reason for the prebiotic inulin alleviating obesity-related
glucose and lipid metabolism disorders in leptin gene defi-
ciency mice may be closely related to the restoring of certain
metabolism-related pathways.

In this study, after 4 weeks of the inulin-supplemented diet
in ob/obmice, significant alleviation of metabolic disorders was
observed. Compared to the wild type group, the ob/ob group

had a 71% higher body weight at 10 weeks of age, and their
daily food intake increased by approximately 29%, which indi-
cates that, due to the lack of functional leptin, the genetically

obese mice lost their appetite control, but this status was
improved after inulin treatment. We observed increases in
serum TC, TC/HDL-C, and the AUC of IPGTT, which indi-

cated that the glucose and lipid metabolism disorders were sev-
ere, as evidenced by the liver histopathology and liver index.
The decreases in the above metabolic parameters after the
inulin-supplemented diet suggest that the metabolic disorders

in ob/ob mice were alleviated. Moreover, non-digestible fer-
mentable dietary fibers can exert antidiabetic effects by
increasing the secretion of GLP-1, which is secreted by intesti-

nal epithelial cells, and this hormone can take part in maintain-
ing blood glucose homeostasis [25]. We therefore measured the
Glp-1 mRNA level in the colon and found that this gene was

significantly elevated after inulin treatment, suggesting that
the maintenance of blood glucose homeostasis by inulin-
supplemented diet was probably through the increased expres-

sion of Glp-1 gene.
The abundance of the family Prevotellaceae (phylum Bac-

teroidetes) was increased by inulin, and Prevotellaceae UCG
001 belonging to this family was enriched in the ob/ob inulin

group. Prevotella possesses enzymes that can degrade cellulose
and xylan [26]. As succinate-producing bacteria, Prevotella can
participate in the degradation of inulin [27]. Dietary fiber facil-

itates the colonization of Prevotella in the gut, which in turn
improves glucose metabolism [28]. A study utilizing wheat-
type cereal products showed that cereals could alter the gut

microbiota composition of infants, especially by increasing
the family Prevotellaceae, which can degrade cellulose [29].
In a mouse model study, whole wheat oats altered the gut
microbiota, increased the abundance of Prevotella and then

enhanced insulin function and plasma lipid regulation [30].
In agreement with these observations, the abundance of
Prevotellaceae UCG 001 was negatively correlated with the

blood glucose- and lipid-related parameters, especially TC/
HDL-C and liver index. Therefore, the elevation in abundance
of Prevotellaceae UCG 001 might be closely related to the ben-

eficial effect of the inulin-supplemented diet. Thus, we specu-
lated that bacteria of this genus might affect the host glucose
and lipid metabolism through the production of secondary

metabolites, such as SCFAs.
In contrast with the lean mice, the abundance of Alistipes in

the gut of the ob/ob mice was significantly increased but was
reduced after the inulin-supplemented diet. Long-term inges-
tion of high-sugar foods can lead to enrichment of this genus
in the human intestinal tract, as well as in animal experiments
[31,32]. The abundance of this genus, which contains pro-

inflammatory bacteria, was significantly increased in the gut
of obese individuals in Japan [33]. In this study, Alistipes
was significantly positively correlated with serum TC, TC/

HDL-C levels, and the AUC of IPGTT, which were identified
as indicators of glucose and lipid metabolism disorders. There-
fore, we speculated that when Alistipes was inhibited after the

inulin-supplemented diet, its promotion of metabolic disorders
decreased.

Arachidonic acid, an unsaturated fatty acid, is positively
related to pro-inflammatory cytokines, but inversely correlated

with Akkermansia and exacerbates non-alcoholic steatohepati-
tis (NASH) by promoting the growth of pro-inflammatory
bacteria, enhancing the inflammatory response, reducing the

abundance of butyrate-producing bacteria, and inducing insu-
lin resistance [34,35]. A high-fat diet can induce thyroid dys-
function in rodent models, and that the thyroid volume is

significantly increased in obese individuals, in contrast to
healthy ones [36,37]. Here, the enrichment scores for Arachi-
donic acid metabolism and Thyroid hormone synthesis were

restored to relatively lower levels after the inulin-
supplemented diet.

Importantly, a significant increase in the enrichment score
for the AMPK signaling pathway was exhibited after inulin

supplementation. In vivo, the activation of AMPK signaling
can stimulate glucose uptake, phosphorylation of acetyl coen-
zyme A carboxylase, hepatic glycolysis, lactate production and

fatty acid oxidation, and correspondingly, it inhibits hepatic
gluconeogenesis, cholesterol and fatty acid synthesis [38,39].
AMPK has been well demonstrated that it can act as a crucial

sensor in regulation of glycolipid metabolism. For example,
AMPK influences energy intake, utilization, and storage in
the skeletal muscle, heart, adipose tissue, liver, pancreatic beta

cells, and brain by regulating dietary intake and substrate
metabolism [20,40]. The lactate and butyrate produced by cer-
tain intestinal bacteria can increase AMPK activity, which in
turn increases fatty acid oxidation and energy expenditure

[41]. Metformin and thiazolidinediones, widely used drugs
for clinical treatment for diabetes, can promote fatty acid oxi-
dation, and inhibit the activity of lipogenesis-related enzymes

by activating AMPK in liver cells [42,43]. Germ-free mice
can resist the obesity induced by high-fat diets mainly by
increasing AMPK phosphorylation in the liver and skeletal

muscle. Phosphorylated AMPK can promote fatty acid oxida-
tion in peripheral tissues [44]. Fat deposits in the liver and
skeletal muscle are also regulated by intestinal bacteria
through AMPK [45]. Obviously, AMPK plays a vital role in

maintaining glycolipid homeostasis, but previous studies
involving AMPK mainly focused on the alteration of this pro-
tein in the skeletal muscle and liver. In our study, in contrast to

lean mice, the enrichment score of the AMPK signaling path-
way in the cecum of ob/ob mice was reduced by 36%, and the
ob/ob inulin mice had a 66% higher score than the ob/ob mice.

The enrichment score of the AMPK signaling pathway was
negatively correlated with liver index, daily food intake, serum
TC, TC/HDL-C, and the AUC of IPGTT, but Glycolysis/Glu-

coneogenesis and Thyroid hormone synthesis showed positive
correlations with these parameters. Furthermore, the results
showed a high correlation between Prevotellaceae UCG 001
and the enrichment score of the AMPK signaling pathway.
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In contrast, the abundance of Alistipes was significantly nega-
tively correlated with this pathway. Interestingly, to date, cor-
relations between the AMPK signaling pathway and these

different bacteria have not been reported. Additionally, our
findings emphasized the close interrelation between the cecal
microbiota and the cecal transcriptome.

AMPK could be used as a potential target for the treatment
of diabetes and obesity. AMPK activation in the liver can
affect whole-body metabolism and lead to improvements in

circulating levels of glucose and lipid [38,46], and we found
that this effect was not only present in the liver and skeletal
muscle, but also in the cecum.

Compared with ob/ob group, the relative expression of

colonic Glp-1 mRNA was significantly increased in the ob/ob
inulin group. As one of hormones produced by the gut,
GLP-1 is a well-studied anorexigenic hormone. GLP-1 plays

an important role in glucose homeostasis, gastrointestinal
motility and appetite suppression [47–49]. SCFAs can stimu-
late the expression of GLP-1 from enteroendocrine L-cells,

and the release of this hormone reduces food intake and main-
tains glucose homeostasis [50].
Inulin
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a, b

c, d, e
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Figure 5 Presumed mechanism by which inulin alleviated glucose and
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Overall, leptin gene deficiency led to metabolic disorders
and inhibition of the AMPK signaling pathway in genetically
obese mice. We speculated that the composition of cecal

microbiota could be affected by inulin-supplemented diet. In
particular, Prevotellaceae UCG 001, which produces SCFAs
by degrading inulin, was increased. Then, SCFAs recognized

and bound to GPR41/43 on the cell membrane of the cecal
epithelium, triggering intracellular AMPK phosphorylation
and the subsequent changes in downstream metabolic func-

tions (such as promotion of fatty acid oxidation, glycolysis,
and inhibition of hepatic fatty acid synthesis, cholesterol syn-
thesis, and gluconeogenesis). Eventually, the host metabolic
disorders were ameliorated (Figure 5).
Conclusions

Prebiotic effect of inulin might be involving in the host tran-
scriptome changing mediated by altering the gut microbiota.
Based on the results of 16S rRNA gene amplicon analysis

and transcriptomic analysis, we explored the complex interplay
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between the cecal microbiota and host gene expression profile.
We first reported the effect of prebiotics on the cecal transcrip-
tome in genetically obese mice. Giving inulin (10 g/kg/day) to

ob/ob mice can alleviate glucose and lipid metabolism disor-
ders, increase the abundance of Prevotellaceae UCG 001, and
reduce the abundance of Alistipes. Moreover, we found that

the AMPK signaling pathway in cecal tissue was upregulated
after inulin supplementation. However, further studies are
required to reveal the precise mechanism(s) behind these

effects. Our results suggest that the AMPK signaling pathway
not only plays a pivotal role in regulating metabolism in adi-
pose tissue, liver, and skeletal muscle but also plays a vital role
in the metabolic regulation mediated by gut microbiota. Fur-

thermore, similar to the key role of the AMPK signaling path-
way in the liver and skeletal muscle, the alteration of this
pathway in the cecum may also play an indispensable role in

the interaction between the cecal microbiota and the host
metabolism system. Overall, signaling pathways related to
energy metabolism in the gut are not negligible.

Materials and methods

Animals

Six-week-old male C57BL/6J mice were used in the experi-

ment. C57BL/6J and ob/ob mice (C57BL/6J background; Hua-
fukang Bio-Technique Co., Ltd, Beijing, China) were placed in
a controlled environment (12 h sunlight cycle; lights off at 6 p.

m.) with two mice in each cage given ad libitum access to feed
and water. Upon delivery, the mice were acclimated for a per-
iod of 2 weeks, during which they were fed a normal chow diet

(13.5% calories from fat; Vital River Laboratory Animal
Technology Co., Ltd, Beijing, China). C57BL/6J mice were
fed a normal chow diet (n= 6), while ob/ob mice were fed a
normal chow diet supplemented (n = 6) or not (n = 6) with

inulin (D908BA0044, Purity >90%, BBI Life Sciences Co.,
Ltd, Shanghai, China) at 10 g/kg/day through drinking water.
The duration of the intervention was 4 weeks. Body weight

was measured once weekly, and food and water intake were
recorded daily.

ob/ob mice, which are deficient in the leptin gene (Lepob/

Lepob), are one of the most common models for diabetes and
obesity studies. There is a C?T mutation in C57BL/6J ob/ob
mice that results in a change of an arginine at position 105

to a stop codon, which results in the synthesis of a truncated
protein that is degraded in the adipocyte [51]. This gene defi-
ciency can induce variations in key parameters such as glucose
intolerance [52].

All animal experiments were approved by the Ethics Com-
mittee of the Institute of Microbiology, Chinese Academy of
Sciences (IMCAS) and followed the Declaration of Helsinki

(SQIMCAS2017009).

IPGTT

For the glucose tolerance test, an IPGTT was carried out at the
end (week 10) of the treatment. The mice were fasted for 12 h
and then injected subcutaneously with glucose (2.0 g/kg body

weight). The measurement of blood glucose with a blood glu-
cose meter (Accu-Check, Roche, Switzerland) was conducted
with tail bleeding at �30, 0, 15, 30, 60, 90, and 120 min before
or after the intraperitoneal glucose load.

Tissue sampling

At the end of the treatment period, the mice were anesthetized
by an intraperitoneal injection of pelltobarbitalum natricum

(80 mg/kg body weight). Serum samples were collected for fur-
ther detection. Cervical dislocation was used to killed mice.
Epididymal fat tissue, the liver, the spleen and intestinal seg-

ments (cecum and colon) were precisely dissected and weighed.
Then, these tissues and serum samples were immediately sub-
merged in liquid nitrogen and transferred to �80 �C for

preservation.

Histological analyses

Freshly isolated livers from all three groups were rapidly

immersed in 4% formaldehyde for 24 h at ambient tempera-
ture. The tissues were then fixed in absolute ethyl alcohol for
24 h, and embedded in paraffin wax and cut into 5-lm-thick

tissue slices. The slices were stained with hematoxylin/eosin
(H&E) and detected by a DM2000 light microscope (Leica
Microsystems GmbH, Wetzlar, Germany) at 100�
magnification.

Biochemical analyses

The whole blood was coagulated at room temperature for
30 min, and centrifuged at 4 �C and 3000�g for 10 min to col-
lect serum. The serum was stored at �80 �C. The levels of
serum TC, triglycerides (TG), HDL-C and low-density

lipoprotein cholesterol (LDL-C) were measured using a com-
mercial detection kit (NJJCBIO Co., Ltd, Nanjing, China)
according to the kit instructions. Serum interleukin-1a (IL-

1a), adiponectin (ADPN), and insulin were quantified using
commercial enzyme-linked immunosorbent assay (ELISA) kits
(NJJCBIO Co., Ltd, Nanjing, China) according to the kit

instructions. Automated microplate reader was used to detect
the absorbance values at 450 nm within 30 min.

Microbiota analysis

After mice were dissected, the cecal contents were collected
and stored at �80 �C. Microbial DNA was extracted from
the cecal content using a TIANamp Stool DNA kit (TIAN-

GEN Bio-Tech Co., Ltd, Beijing, China) according to the
manufacturer’s protocol, including a bead-beating step. The
V3-V4 region of the bacterial 16S ribosomal RNA gene was

amplified by PCR (95 �C for 3 min, followed by 25 cycles at
95 �C for 30 s, 55 �C for 30 s, 72 �C for 30 s, and a final exten-
sion at 72 �C for 5 min) using primers F3 (CCTACGGGNBG-

CASCAG) and R4 (GTGCCAGCMGCCGCGGTAA). High-
throughput sequencing was performed utilizing the Illumina
HiSeq 2500 PE250 platform to detect the 16S rRNA amplicons
according to standard protocols. Paired-end reads from

sequencing were merged utilizing Fast Length Adjustment of
SHort reads (FLASH) [53]. The fastq_quality_filter (-p 90 -q
25 -Q33) belonging to FASTX Toolkit 0.0.14 was used to filter

low quality reads. USEARCH 64 bit v8.0.1517 was utilized to
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remove chimaeric reads. Normalizing the reads counts of each
sample was based on the minimum size of samples by random
subtraction. The UCLUST algorithm was used to align OTUs

at 97% identity. The SILVA 16S rRNA database v128 was uti-
lized to taxonomically classify OTUs. The Quantitative
Insights Into Microbial Ecology (QIIME) was applied to cal-

culate the a and b diversities, which were computed based
on weighted and unweighted UniFrac distance matrices [54].
The significantly differential species between groups were gen-

erated by the LEfSe method [55].

RNA-seq analysis

TRIzol reagent (Invitrogen, Thermo Scientific, MA, USA) was
used to isolate total RNA of cecal samples following the
instructions. Each sample required 4 lg of total RNA to con-
struct a cDNA library. The library was constructed using the

KAPA Stranded mRNA-Seq Kit for the Illumina platform
(KAPA-BIO, Boston, USA) according to the manufacturer’s
protocols. The library preparations were sequenced on an Illu-

mina HiSeq PE150 platform.
The low quality reads and adaptor sequences were trimmed

with Trimmomatic [56]. Clean reads were aligned to mm10

Hisat2 [57]. Gene expression levels were calculated by counting
the overlap of reads on each gene with HT-seq [58] and nor-
malized as reads per kilobase per million mapped reads
(RPKM) with the gene annotation file from Ensembl (release

87) and the DESeq2 package in R [59]. In addition, the
DESeq2 package was applied to calculate the differentially
expressed genes (DEGs). Functional enrichment in Gene

Ontology (GO) and KEGG was performed with the GOstats
package [60]. The enrichment scores of pathways, which were
used to compare the differences in pathways between two

groups, were calculated by the RPKM values of the DEGs
contained within each pathway.

Availability of data

The datasets supporting the conclusions of this article are
available in the NCBI repository (https://www.ncbi.nlm.nih.
gov/); SRA accession SRP154971 for 16S rRNA gene ampli-

con sequencing data; SRA accession SRP155684 for RNA
sequencing data.

Real-time qPCR analysis

The FastQuant RT kit (TIANGEN BIO, Beijing, China) was
applied to prepare cDNA according to the kit instructions.

Real-time qPCR assays in triplicate were performed using
the Applied Biosystems� 7500 Real-Time PCR System
(Thermo Scientific, MA, USA) with KAPA SYBR FAST

qPCR kit Master Mix (KAPA-BIO, Boston, USA). The
expression of target genes in mice was normalized to that of
the gene encoding glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) using the 2-44CT method. The qPCR primers,

which were designed with PrimerBank [61], are listed in
Table S2.
Statistical analysis

Data represent mean ± standard error of the mean. For para-
metric variables, the unpaired two-tailed Student t-test was
used to assess the differences in mean values between two

groups. For three groups, statistical analysis was performed
with ANOVA with Tukey post hoc test. For nonparametric
variables, the statistical significance of the differences was eval-
uated by the Mann–Whitney test or Kruskal–Wallis test. For

the IPGTT, two-way ANOVA was performed for the evolu-
tion of blood glucose levels with a post hoc test using Bonfer-
roni method. P < 0.05 was considered statistically significant.

GraphPad Prism 6 (GraphPad Software, San Diego, CA,
USA) was used to do the statistical analyses.
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