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Abstract
Purpose  Inulin is a soluble dietary fiber that has been implicated in regulating the intestinal health. Here, we describe a 
synergetic response of intestinal microbiota and epithelial functions to increased intake of inulin in a porcine model.
Methods  Twenty growing-pigs were randomly allocated to two groups (n = 10) and fed with a basal diet (BD) or BD con-
taining 0.5% inulin (INU) for 21 days.
Results  We show that INU supplementation not only elevated villus height and the abundance of zonula occludens-1 (ZO-1), 
but also increased acetate and butyrate concentrations in cecum (P < 0.05). Moreover, INU decreased IL-6 and TNFα secre-
tion, and reduced intestinal epithelial cell apoptosis in ileum and cecum (P < 0.05). Interestingly, we observed an elevated 
16S rRNA gene copies in cecum after INU ingestion (P < 0.05). INU had no influence on overall diversity, but acutely altered 
the abundance of specific bacteria. INU decreased the abundance of phylum Proteobacteria in ileum, but increased the 
phylum Bacteroidetes in the ileum and cecum (P < 0.05). INU significantly elevated the Lactobacillus spp. and Bacteroides 
spp. in the ileum and cecum, respectively. Importantly, INU elevated the expression levels of GPR43, GLP-2, and ZO-1, but 
decreased the expression levels of histone deacetylase 1 (HDAC1) and TNFα in the ileum and cecum mucosa (P < 0.05). 
Moreover, INU also elevated the expression levels of GPR109A and angiopoietin-4 (ANG-4) in the cecum mucosa (P < 0.05).
Conclusions  This study indicated how the intestinal microbiome and epithelium adapt to inulin ingestion, and furthered our 
understanding of the mechanisms behind the dietary fiber-modulated intestinal microbiota and health.
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Introduction

In recent years, dietary fibers have attracted considerable 
research interest because of their roles in maintaining the gut 
health and regulating nutrient metabolism [1, 2]. Dietary fib-
ers may act as a prebiotic by being resistant to gastric acidity 
and enzymes such as maltase, isomaltase, and sucrose, and 
then undergoing fermentation by a wide variety of micro-
organisms in the large intestine to SCFA that promote the 
growth of beneficial microorganisms such as the Bifido-
bacterium and Lactobacillus species [3]. The fiber-derived 
SCFA has also been implicated in regulating the growth of 
intestinal epithelial mucosa. For instance, cecal infusion of 
butyrate was found to increase intestinal cell proliferation 
in piglets [4]. In addition to their beneficial effects on intes-
tinal health, dietary fiber-derived SCFAs also participate in 
the regulation of metabolism. Mice fed a butyrate-enriched 
high-fat diet have increased thermogenesis and energy 
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expenditure and are resistant to obesity [5]. In the same 
manner, oral acetate gavage in an obese and diabetic strain 
of rats reduced weight gain and improved glucose tolerance 
[6]. More recently, the butyrate and propionate were found to 
serve as the substrates for intestinal gluconeogenesis, which 
ultimately contribute to blood glucose homeostasis [7].

Inulin is an important dietary fiber consisting of a mix-
ture of linear fructose polymers or fructans of two to sixty 
units each linked by unique β(2–1) bonds with a glucose unit 
linked by an α(1–2) bond at the end of each chain [8]. This 
unique structure prevents it from being hydrolyzed by sali-
vary or pancreatic enzymes, and, therefore, inulin barely has 
prebiotic effects for monogastric animals [8, 9]. Inulins are 
present in many vegetables, and can also be extracted and 
isolated from chicory roots, to be used as food ingredients 
[10]. A number of studies have indicated that dietary inulin 
supplementation has beneficial effects on growth perfor-
mance and intestinal health in a variety of animal species 
[11–13]. For instance, inulin supplementation was found 
to module the immune response and restore gut morphol-
ogy in malnourished mice [13]. Moreover, specific changes 
were observed in the human colon microbiota after inges-
tion of inulin-type fructans [14]. However, little is known 
about the synergetic responses of intestinal microbiota and 
epithelium barrier function to this unique dietary non-starch 
carbohydrate.

In the present study, we describe the synergetic responses 
of intestinal microbiota and epithelium to dietary inulin 
supplementation in a porcine model. Pig (Sus scrofa) is 
an excellent model species used in biomedical researches, 
as they are closely related to humans in terms of anatomy, 
genetics and physiology [15]. Moreover, both species are 
omnivorous and their organs generally share common func-
tional features. The digesta samples from ileum and cecum 
were collected from the growing pigs fed with a basal diet or 
basal diet containing 0.5% inulin. The bacterial community 
in the intestine was analyzed using 16S rRNA sequencing. 
The ileum and cecum samples were used, as previous study 
indicated that the distal of small intestine (ileum) and cecum 
are major degradation sites of ingested inulin in young pigs 
[16]. This study will facilitate understanding of the mecha-
nisms behind the dietary non-starch carbohydrate modulated 
gut health in monogastric mammals.

Methods

Studies involving animals were conducted according to the 
Regulations for the Administration of Affairs Concerning 
Experimental Animals (Ministry of Science and Tech-
nology, China, revised in June 2004). Sample collection 
was approved by the Institutional Animal Care and Use 

Committee of Sichuan Agricultural University, Sichuan, 
China (no. 20180901).

Animals housing and sample collection

Twenty crossbred (Duroc × Landrace × Yorkshire) growing 
pigs with an average initial body weight of 22.27 ± 0.14 kg, 
were randomly allocated to two groups (n = 10). Pigs were 
kept individually and fed with a fiber-free basal diet (BD) or 
BD containing with 0.5% inulin (INU). The diets (Table S1) 
were formulated to meet the nutrient recommendations of 
the National Research Council 2012 [17], and the chemi-
cal composition of the diet was analyzed using the AOAC 
method [18]. Pigs were fed ad libitum and given free access 
to water. After 21 days, pigs were sacrificed by exsan-
guination under deep anesthesia via intravenous injection 
of pentobarbital sodium (59 mg/kg body weight), and the 
intestinal tissues and mucosa samples were collected imme-
diately. Additionally, approximately 4 g digesta from the 
middle section of the ileum and cecum was transferred into 
sterile tubes and immediately frozen at – 80 ∘C for analysis 
of the short-chain fatty acid (SCFA) concentration and the 
bacterial community.

Analysis of intestinal mucosa morphology

The ileal and cecal samples were douched with physi-
ologic saline and stored in 4% paraformaldehyde solution. 
The preserved segments were prepared after staining with 
hematoxylin and eosin (HE) solution suing standard paraffin 
embedding procedures [19]. At least ten intact, well-oriented 
crypt-villus units were selected in triplicate as sources of 
each pig intestine cross section. Morphometric variables, 
including villus height and crypt depth were measured with 
an image processing and analysis system (Image Pro Plus, 
Media Cybernetics, Bethesda, MD, USA).

Immunofluorescence analysis

The localization of ZO-1 protein was determined by using 
immunofluorescence. 4% paraformaldehyde-fixed sam-
ples were rinsed in PBS and then incubated with ethylene 
diamine tetraacetic acid (EDTA, 1 mol/L, pH 9.0) for anti-
gen retrieval. Tissue sections were blocked with 3% bovine 
serum albumin prior to incubation with rabbit anti-ZO-1 
polyclonal antibody (1:250; Abcam Plc., Cambridge, UK) 
overnight at 4 °C. Slides were then washed three times with 
PBS and incubated with goat anti-rabbit IgG-FITC second-
ary antibody (Gooddbio Technology Co., Ltd., Wuhan, 
China) for 1 h at room temperature in the dark. Finally, 
slides were washed three times with PBS, and the nuclei 
were stained with 4′-6-diamidino-2-phenylindole (DAPI) 
for 10 min at room temperature in the dark. All slides were 
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examined for fluorescence using a laser scanning confocal 
microscope (FV1000; Olympus Corporation, Tokyo, Japan).

Determination of intestinal epithelial cell apoptosis

Ileal and cecal epithelial cells were isolated and the percent-
age of apoptotic cells was analyzed using flow cytometry 
with a PE Annexin V Apoptosis Detection Kit (Becton, 
Dickinson and Company, BD Biosciences, San Joes, CA, 
USA). The sample preparation was based on the manual 
provided by the manufacturer, and the apoptotic cells were 
examined by flow cytometry (CytoFlex, Beckman Coulter, 
Inc., Brea, CA, USA) within 1 h.

Measurements of mucosal inflammatory cytokines

The concentrations of interleukin-1 (IL-1), IL-6, and tumour 
necrosis factor-α (TNFα) in the intestinal mucosa were 
determined using the corresponding ELISA kits (Beijing 
Winter Song Boye Biotechnology Co., Ltd). All determina-
tions were carried out in triplicated, and absorbance was 
measured using a multi-mode microplate reader (Spec-
traMax M2, Molecular Devices, Sunnyvale, CA, USA).

Analysis of SCFA concentrations

The SCFA (acetic acid, propionic acid, and butyric acid) 
concentrations were determined using a gas chromatograph 
system (VARIAN CP-3800, Varian, Palo Alto. CA. USA; 
capillary column 30 m × 0.32 mm × 0.25 µm film thickness) 
following previous method [20]. After vortex, the digesta 
was centrifuged at 4 °C for 10 min (12,000 g), and the super-
natant (1 ml) was then transferred into an Eppendorf tube 
(2 ml) and mixed with 0.2 ml metaphosphoric acid. After 
30 min incubation at 4 °C, the tubes were centrifuged at 4 °C 
for 10 min (12, 000 g) and aliquots of the supernatant (1 µl) 
were analyzed using the GC with a flame ionization detector 
and an oven temperature of 100–150 °C. The polyethylene 
glycol column was operated with highly purified N2 as the 
carrier gas at 1.8 ml/min.

Determination of the digesta pH values

Immediately after the pigs were killed, approximately 5 g 
digesta was collected into ice-bathed sterile centrifugal tube, 
and then the pH value of each sample was determined using 
a PHS-3C pH meter (Shanghai, China).

Analysis of the bacterial community

Nucleic acids were extracted from 0.5 g of digesta sam-
ple using the Stool DNA kit (Omega Bio-Tech, Doraville, 
CA, USA). The diversity and composition of the bacterial 

community in each of these samples was determined using 
the protocol described in Caporase et al. [21]. For amplifica-
tion of the V4 region of the 16S rRNA gene, the 520F/802R 
primer set (520F: CCA​TCT​CAT​CCC​TGC​GTG​TCT​CCG​
AC; 802R: CCT​CTC​TAT​GGG​CAG​TCG​GT-GAT) was used 
[22]. The amplification procedures were based on previously 
published protocol [23]. Briefly, the PCR conditions used 
were 5 min at 95 °C, 35 cycles of 30 s at 94 °C, 30 s at 55 °C 
and 90 s at 72 °C, followed by 10 min at 72 °C. Amplifica-
tion was carried out using a Verity Thermocycler (Applied 
Biosystems). The PCR products derived from amplification 
of specific 16S rRNA gene hypervariable regions were puri-
fied by electrophoretic separation on an 1.5% agarose gel 
and the use of a Wizard SV Gen PCR Clean-Up System 
(Promega), followed by a further purification step involv-
ing the Agencourt AMPure XP DNA purification beads 
(Beckman Coulter Genomics GmbH, Bernried, Germany) 
to remove primer dimers. The sequencing was conducted 
on an Illumina MiSeq 2000 platform (Personal Biotechnol-
ogy, Shanghai).

Pairs of reads from the original DNA fragments are 
merged using FLASH [24], a very fast and accurate soft-
ware tool, which is designed to merge pairs of reads when 
the original DNA fragments are shorter than twice the length 
of reads. Sequencing reads was assigned to each sample 
according to the unique barcode of each sample. Sequences 
were analyzed with the QIIME software package and 
UPARSE pipeline [25], in addition to custom Perl scripts to 
analyze alpha (within sample) and beta (between sample) 
diversity. UPARSE was used to pick operational taxonomic 
units (OTUs). Sequences were assigned to OTUs using 97% 
species-level sequence identity. The first sequence assigned 
to each OTU was used as the reference sequence for that 
OTU field. RDP classifier was used to assign taxonomic data 
to each representative sequence [26]. Rarefaction curves 
were generated using QIIME, and this software was also 
used to calculate both weighted and unweighted UniFrac for 
principal coordinate analysis (PCoA) and unweighted pair 
group method with arithmetic mean (UPGMA) clustering.

RNA isolation, reverse transcription, and qPCR

Total RNA was isolated from intestinal mucosa using the 
RNAiso Plus (Takara Biotechnology Co., Ltd., Dalian, 
China). The concentration and quality of total RNA were 
assessed using a spectrophotometer (NanoDrop 2000, 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
About 1 µg total RNA was used to synthesize cDNA, 
based on the protocol of PrimeScript™ RT reagent kit 
(Takara Biotechnology Co., Ltd). The G protein-coupled 
receptor 41 (GPR41), GPR43, GPR109A, Sodium-cou-
ple monocarboxylate transporter 1 (SLC5A8), Histone 
deacetylase 1 (HDAC1), HDAC3, HDAC4, IL-1, IL-10, 
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IL-18, and TNFα mRNA levels in the intestinal mucosa 
were quantified using qPCR. In brief, the specific primers 
were designed using Primer Express 3.0 software (Applied 
Biosystems, Foster City, CA, USA) and synthesized by 
Sangon Biotech Co., Ltd. (Shanghai, China). All qPCR 
reactions were performed in triplicate on a QaunStudoTM 6 
Flex Real-Time PCR System (Applied Biosystems), using 
SYBR Premix Ex Taq™ II (Tli RNaseH Plus) (Takara 
Biotechnology Co., Ltd). Amplification was performed 
in a final volume of 10 µl, which consisted of 5 µl of 
SYBR Premix Ex Taq™ II, 0.2 µl ROX Reference Dye II, 
0.4 µl forward primer (10 µmol/l), 0.4 µl reverse primer 
(10 µmol/l), 1 µl cDNA and 3 µl diethylpyrocarbonate-
treated water, under the following cycling conditions: 
95 °C for 30 s, followed by 40 cycles; at 95 °C for 5 s and 
60 °C for 34 s. After the amplification, a melt curve was 
generated at 95 °C for 15 s, 60 °C for 1 min and 95 °C for 
15 s. Porcine glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) gene was used as the housekeeping gene, and 
the relative gene expression was calculated using the com-
parative CT method [27].

Statistical analysis

Differences in the intestinal parameters, gene copy num-
bers, and concentrations of SCFAs were analyzed by Stu-
dent’s t test of SAS 9.4 statistic software (SAS Institute 
Inc., Cary, NC). The results were expressed as mean ± S.D. 
Statistical significance and a tendency towards difference 
were considered as P < 0.05 and P < 0.10, respectively.

Results

Influences of dietary inulin supplementation 
on intestinal morphology and apoptosis 
of intestinal epithelial cells

As shown in Fig. 1a and Table 1, dietary INU supplemen-
tation had no significant influence on the mucosa mor-
phology in the ileum (P > 0.05). However, dietary INU 
supplementation significantly elevated the villus height in 
the cecum (P < 0.05). INU supplementation had no signifi-
cant influence on the localization of ZO-1 protein in the 
ileal mucosa. However, INU supplementation improved 
the localization and abundance of the ZO-1 protein in the 
cecal mucosa (Fig. 1b). Importantly, dietary INU sup-
plementation significantly decreased the total number of 
apoptotic cells in the ileum and cecum (Fig. 1c).

Influences of dietary inulin supplementation 
on secretion of mucosal inflammatory cytokines

We show that dietary INU supplementation had no signifi-
cant influence on the content of IL-1 in the intestinal mucosa 
(Table 1). However, INU significantly decreased the contents 
of inflammatory cytokines such as the IL-6 and TNFα in the 
ileal and cecal mucosa (P < 0.05).

Influences of dietary inulin supplementation 
on microbial metabolites

As shown in Table 1, dietary INU supplementation tended 
to increase the acetate content in the ileal digesta (P = 0.09). 
Interestingly, both the acetate and butyrate contents in the 
cecal digesta were significant higher in the INU group than 
in the control group (P < 0.05). Moreover, INU tended to 
decrease the pH value in the cecal digesta (P = 0.08).

Influence of dietary inulin supplementation on total 
16S rRNA gene copies in the ileum and cecum

The 16S rRNA gene copies were determined using quanti-
tative PCR, and equal volumes of the purified DNA of all 
samples were used in the assay. We show that the average 
copy number in the cecal samples were higher than in the 
ileal samples (Fig. 2). Dietary INU supplementation had no 
significant influence on the total 16S rRNA gene copies in 
the ileal digesta. However, INU significantly elevated the 
total 16S rRNA gene copies in the cecal digesta (P < 0.05).

Influence of inulin on bacterial community 
structures

Digesta samples were compared based on the proportions 
of bacterial lineages in each specimen using 16S rRNA 
sequencing. Equal volumes of the purified DNA from each 
sample were used. The DNA samples were amplified by 
PCR using bar-coded primers flanking the V4 region of 
the 16S rRNA gene, and samples were sequenced using 
the Illumina method. All sequencing information has been 
deposited in the National Center for Biotechnology Infor-
mation (NCBI) and can be accessed in the Short Read 
Archie (SRA) under the accession number PRJNA559763. 
We generated a total of 1,285,591 sequences with an aver-
age of 65,394 sequences per ileal sample and 63,166 per 
cecal sample after post-quality filtering (Table S2). These 
sequences had an average length of 220–230 base pairs. The 
qualified sequence (> 0.0001%) were clustered into 1051 
bacterial OTUs with UPARSE software [25]. As expected, 
more OTUs were identified in the cecum than in the ileum. 
Interestingly, 164 OTUs were only found in the ileum of 
INU group, whereas 98 OTUs were specifically identified in 



719European Journal of Nutrition (2021) 60:715–727	

1 3

the ileum of the control group. The two groups shared 432 
OTUs in the ileal samples (Fig. 3). Additionally, more than 
half of the identified OTUs in the cecal samples were shared 
by the two groups.

The overall bacterial diversity in the ileal and cecal 
digesta was estimated for each group. The alpha diversity 

metric, Abundance Coverage Estimator (ACE) was used to 
assess species richness and the Simpsons Index was used to 
assess species evenness [28, 29]. In addition to those spe-
cifically identified OTUs in each group, no significant dif-
ference was observed in overall bacterial diversity between 
the two groups (Table S3). The beta diversity also did not 

Fig. 1   Effect of INU on mucosa morphology, tight-junction protein 
distribution, and apoptosis of intestinal epithelial cells. a H&E stain-
ing of the ileal and cecal samples. b Immunofluorescence assays of 
the ZO-1 protein (red) localization. c Cell apoptosis was analyzed 
using flow cytometry. 30,000 cells were used in each acquisition 
reading. Frames were divided into 4 quadrants: Q1-UL represents 

necrotic cells; Q1-UR represents late apoptotic and early necrotic 
cells; Q1-LR represents early apoptotic cells; and Q1-LL represents 
normal cells, respectively. Pigs were fed with basal diet (Control) or 
inulin containing diet (Inulin), n = 10; * means P < 0.05, ** means 
P < 0.01
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show significant difference between the two groups (Fig. 
S1). However, dietary INU supplementation significantly 
altered the relative abundance of intestinal bacteria at phy-
lum level (Fig. 4). In this study, all the qualified seque3nces 
from ileal and cecal samples were assigned to 12 and 14 
known phyla, respectively. Two phyla, Firmicutes (75.32%) 
and Proteobacteria (22.03%) were predominantly identi-
fied in the ileum of the control group. Interestingly, INU 
supplementation significantly decreased the abundance of 
the Proteobacteria (P < 0.01), but elevated the abundance 
of Bacteroidetes in the ileal samples (Fig. 4 and Table S4). 
In the cecal samples, Firmicutes (52.25%) and Bacteroidetes 
(43.58%) are the two predominant bacteria phyla identified 
in the control group. However, dietary INU supplementation 
tended to increase the relative abundance of the Bacteroi-
detes (P = 0.09).

At genus level, the sequences from the ileal and cecal 
samples were affiliated into 35 known genera (Fig. 5 and 
Table S5). Clostridiales (51.56%), Lactobacillus (4.31%), 
Actinobacillus (7.49%), and Enterobacteraceae (13.76%) 
were predominant genera identified in the ileal samples of 
the control group. However, INU supplementation signifi-
cantly elevated the abundance of Lactobacillus (P < 0.05), 
and decreased the abundance of Actinobacillus and Entero-
bacteraceae (P < 0.05) in the ileal samples. As compared 

to the ileal samples, the distribution of the major genera 
identified in the cecal samples differed considerably (Fig. 5 
and Table S5). The Actinobacillus and Enterobacteraceae, 
which were the two predominant genus in the ileal samples 
(more than 7%) were presented in extremely low abundance 
in the cecal samples of the control group. In contrast, the 
Prevotellaceae (16.56%) and Alloprevotella (14.58%) were 
two predominant genus identified in the cecal samples. Inter-
estingly, INU supplementation decreased the abundance of 
Faecalibacterium, but significantly elevated the abundance 
of Campylobacter and Bacteroides in the cecal samples.

Influences of inulin on expression profiling of GPRs, 
HDACs, and inflammatory cytokines

As shown in Fig.  6, dietary INU supplementation sig-
nificantly elevated the expression levels of GPR43, but 
decreased the expression levels of HDAC1 in the ileal and 

Table 1   Influences of inulin on mucosa morphology, inflammatory 
molecules, and microbial metabolites

Pigs were fed with basal diet (Control) or inulin containing diet (Inu-
lin), n = 10

Control Inulin P value

Ileum
 Villus height, μm 231.11 ± 14.7 222.32 ± 11.08 0.81
 Crypt depth, μm 218.21 ± 8.53 205.11 ± 11.54 0.47
 IL-1, pg/mg protein 29.81 ± 3.89 30.37 ± 1.98 0.87
 IL-6, pg/mg protein 112.52 ± 12.11 78.91 ± 8.11 0.01
 TNFα, pg/mg protein 98.74 ± 10.21 82.11 ± 7.32 0.04
 Acetate, μmol/g 14.03 ± 6.65 21.22 ± 3.04 0.09
 Propionate, μmol/g 4.70 ± 0.64 6.03 ± 2.30 0.13
 Butyrate, μmol/g 4.94 ± 1.16 5.80 ± 1.08 0.31
 pH value 6.96 ± 0.11 6.77 ± 0.12 0.62

Cecum
 Villus height, μm 209.34 ± 9.21 232.14 ± 11.13 0.04
 Crypt depth, μm 194.83 ± 16.05 178.12 ± 9.58 0.21
 IL-1, pg/mg protein 27.11 ± 2.36 29.88 ± 3.07 0.71
 IL-6, pg/mg protein 125.26 ± 13.22 101.28 ± 9.13 0.04
 TNFα, pg/mg protein 101.24 ± 8.65 80.79 ± 6.58 0.03
 Acetate, μmol/g 24.15 ± 0.61 35.38 ± 0.55 0.04
 Propionate, μmol/g 11.29 ± 0.45 12.10 ± 0.52 0.37
 Butyrate, μmol/g 4.77 ± 0.61 7.28 ± 0.15 0.03
 pH value 6.38 ± 0.04 6.02 ± 0.03 0.08

Fig. 2   Quantitative PCR analysis of 16S rRNA gene copy numbers in 
the intestinal digesta. Ileum (a) and cecum (b) digesta samples were 
collected from pigs fed with the basal diet (Control) or inulin contain-
ing diet (Inulin), n = 10. * means P < 0.05
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cecal mucosa (P < 0.05). Moreover, INU supplementa-
tion acutely elevated the expression level of GPR109A in 
the cecal mucosa (P < 0.01). The expression of TNFα was 
significantly down-regulated by INU in the ileal and cecal 
mucosa (P < 0.01). Interestingly, INU supplementation sig-
nificantly elevated the expression level of IL-10 in the ileal 
mucosa (P < 0.05).

Influences of inulin on expression levels of critical 
genes related to intestinal barrier functions

Dietary INU supplementation significantly increased the 
expression levels of tight-junction protein ZO-1 both in the 
ileum and cecum (Fig. 7). However, INU had no significant 
influences on the expression levels of occluding and clau-
din-1. Dietary INU supplementation not only elevated the 
expression level of GLP-2 in the ileum, but also significantly 
elevated the expression levels of GLP-2 and ANG-4 in the 
cecum (P < 0.05).

Discussion

Gut microbiota provides the host with a broad range of func-
tions such as digestion of complex dietary macronutrients, 
production of vitamins, defense against pathogens, and 
maintenance of the immune system [30]. Previous studies 
indicated that dysbiosis of the gut microbiota composition 
is associated with a variety of diseases, including meta-
bolic disorders and inflammatory bowel disorder [30, 31]. 
Dietary fibers have long been looked as a stimulator of gas-
trointestinal development for mammalian animals. Recent 
studies on a variety animal species indicated that dietary 

Fig. 3   Number of identified OTUs in various comparisons. a Venn 
diagram shows various comparisons of ileal OTUs at the genus level; 
b Venn diagram shows various comparisons of cecal OTUs at the 
genus level. Digesta samples were collected from pigs fed with the 
basal diet (Control) or inulin containing diet (Inulin). For 16S rRNA 
analysis, two digesta samples in each group were pooled (n = 5)

Fig. 4   Bar graph shows the 
phylum level composition of 
bacteria. Color-coded bar plot 
shows the relative abundance of 
bacterial phyla across the dif-
ferent samples. Digesta samples 
were collected from pigs fed 
with the basal diet (Control) or 
inulin containing diet (Inulin). 
For 16S rRNA analysis, two 
digesta samples in each group 
were pooled (n = 5)
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fibers had dramatic influences on the gut microbiota [1, 32, 
33]. In this study, we describe a synergetic response of the 
intestinal microbiota and epithelium to the increased intake 
of dietary fibers (inulin) in a porcine model. We show that 
dietary INU supplementation not only elevated the villus 
height and abundance of ZO-1 in the cecum, but also signifi-
cantly reduced the number of apoptotic cells in the ileal and 
cecal mucosa. This is probably due in part to the decreased 
secretion of inflammatory cytokines (IL-6 and TNFα) in the 
intestinal mucosa. TNFα has been classified as homotrimeric 
transmembrane protein with a prominent role in systemic 
inflammation, which can participate in apoptosis through 
activating caspases [34]. The IL-6 was found to promote 
protein degradation via up-regulation of the E3 ubiquitin 

ligases [35]. In the present study, both the contents of TNFα 
and IL-6 in the ileal and cecal mucosa were significantly 
reduced after INU ingestion, indicating a beneficial role of 
INU in suppressing the mucosal inflammation.

As a soluble fiber, INU cannot be hydrolyzed by digestive 
enzymes in the small intestine, but at least partially hydro-
lyzed and fermented by intestinal microbes [36]. Evidence is 
accumulating to show that one of the mechanisms in which 
gut microbiota affects human health is its ability to produce 
a variety of beneficial metabolites that protect against dis-
eases. The major products from the microbial fermentation 
in the gut are short chain fatty acids (SCFAs) such as the 
acetate, propionate, and butyrate [37]. However, when the 
fermentable fibers are in short supply, microbes switch to 

Fig. 5   Heatmap distribution of OTUs. OTUs were arranged in rows 
and are clustered on the vertical axis. Samples are arranged vertically 
and are on the horizontal axis. Different colors indicate the relative 
abundance of taxons. Digesta samples were collected from pigs fed 

with the basal diet (Control) or inulin containing diet (Inulin). For 
16S rRNA analysis, two digesta samples in each group were pooled 
(n = 5)
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energetically less favorable sources for growth such as amino 
acids from dietary or endogenous proteins, or dietary fats, 
resulting in decreased activity of microbial fermentation and 
SCFAs production [38, 39]. In this study, INU supplemen-
tation significantly increased the acetate and butyrate con-
tents in the cecal digesta, indicating an elevated fermentative 
activity of the microbiota. Moreover, the pH value of the 
cecal digesta tended to be decreased which may contribute to 
inhibition of harmful microbial fermentation in the intestine.

Previous study indicated that diets enriched in complex 
carbohydrates favor increased diversity of the gut micro-
biota [40]. In contrast, long-term intake of high-fat and high-
sucrose diet can lead to extinction of several taxa of the gut 
microbiota [41]. In this study, we found that the cecal digesta 
had more 16S rRNA gene copy numbers and higher bacte-
rial diversity than the ileal digesta, suggesting that the large 
intestine is the main site of microbial fermentation. This is 
also consistent with a well-known fact that dietary fibers are 
resistant to digestion in the small intestine, allowing pas-
sage largely intact into the large intestine. The Firmicutes 
and Proteobacteria are two dominant phyla identified in the 
ileum. The Proteobacteria are a major phylum of Gram-
negative bacteria, which may increase upon ingestion of 
high-fat and high-protein diets [42]. Importantly, the phylum 
involves a number of pathogenic bacteria such as the Salmo-
nella and Neisseriales. In this study, INU supplementation 
significantly decreased the abundance of the Proteobacteria 

in the ileum. In cecum, Firmicutes and Bacteroidetes are the 
two predominant bacteria phyla, and INU ingestion tended 
to increase the abundance of the Bacteroidetes. This is in 
agreement with the fact that most bacteria of this phylum 
have genes encoding hydrolytic enzymes to degrade non-
starch carbohydrates [43]. Moreover, the result is also con-
sistent with previous report that children consuming high-
fiber diet showed a higher number of bacteria belonging to 
Bacteroidetes and Prevotella [44].

Lactobacillus (belonging to the Firmicutes phylum) has 
long been looked as a beneficial genus of the gut microbiota, 
since it serves as the major group of lactic acid producing 
bacteria [45]. In contrast, the Actinobacillus is a genus of 
Gram-negative bacteria, which has been found character-
istically as commensals on the alimentary, respiratory, and 
genital mucosa. Importantly, some occur only as pathogens, 
while the commensal species are also found in a variety of 
lesions [46]. In the present study, INU ingestion significantly 
elevated the abundance of Lactobacillus in the ileum, but 
decreased the abundance of Actinobacillus in the ileum 
and cecum, indicating a beneficial role of INU in regulat-
ing of the intestinal microbiota. The Bacteroides represent 
a major constituent of the microflora in the large intestine, 
which contribute to complex polysaccharide breakdown and 
are one of the predominant producers of short chain fatty 
acids [47]. In the present study, INU ingestion significantly 
increased the abundance of Bacteroides spp., which may 

Fig. 6   Effect of INU on expression levels of GPRs, HDACs, and inflammatory cytokines. Ileum (a) and cecum (b) digesta samples were col-
lected from pigs fed with the basal diet (Control) or inulin containing diet (Inulin), n = 10. * means P < 0.05, ** means P < 0.01
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contribute to the elevated production of acetate and butyrate 
in the cecum.

Previous studies indicated that SCFAs regulated the intes-
tinal health through two major signaling pathways [48, 49]. 
The first pathway involves epigenetic modulation. SCFAs, 
in particular the butyrate, has been identified as an intrinsic 
inhibitor of histone deacetylases (HDACs), promoting gene 
expression via the inhibition of the HDACs-induced deacet-
ylation of lysine residues within histones [48]. Another path-
way is signaling through the G-protein-coupled receptors 
(GPRs). For instance, activation of GPR43 and GPR109A 
activates the NLRP3 inflammasome, which is critical for 
intestinal homeostasis [49]. To explore the synergetic 
responses of intestinal epithelium to INU supplementation, 
we explored the expression profiles of critical GPRs and 
HDACs in the mucosa. We observed that INU ingestion 

elevated the expression levels of GPR43 in the ileum and 
cecum. This is agreement with the elevated acetate content, 
since the GPR43 has been looked as a major receptor for 
acetate [50]. Similarly, the expression level of butyrate-spe-
cific receptor, GPR109A was elevated in the cecum, which 
may contribute to the suppressed inflammatory responses 
in the cecum (i.e., reduced TNFα expression) [49]. Interest-
ingly, INU ingestion significantly decreased the expression 
levels of HDAC1 in the ileal and cecal mucosa. HDAC1 is 
responsible for epigenetic alterations leading to modulation 
of chromatin structure and transcriptional regulation across 
lysine residues deacetylation on the N-terminal part of the 
core histones [51]. The decreased expression of HDAC1 
was reported to be associated with the butyrate-suppressed 
inflammation [52]. Moreover, both the HDAC1 and HDAC2 
were found to restrain the intestinal inflammatory response 

Fig. 7   Effect of INU on expres-
sion levels of genes related to 
intestinal barrier functions. 
Ileum (a) and cecum (b) digesta 
samples were collected from 
pigs fed with the basal diet 
(Control) or inulin containing 
diet (Inulin), n = 10. * means 
P < 0.05, ** means P < 0.01
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by regulating intestinal epithelial cell proliferation and dif-
ferentiation [53].

Finally, we explored the expression levels of several criti-
cal genes related to intestinal barrier functions. Tight junc-
tion proteins, such as ZO-1, Occludin, and Claudin-1 form 
a complex structure in the paracellular space between two 
adjacent epithelial cells, which act as a selectively permeable 
barrier to prevent the invasion of intestinal bacteria and other 
antigens [54]. In the present study, the expression of ZO-1 
was significantly upregulated in the ileal and cecal mucosa. 
Moreover, INU upregulated the expressions of GLP-2 and 
ANG-4 in the cecal mucosa. GLP-2 is an intestinotrophic 
hormone that promotes intestinal growth and proliferation 
though a series of downstream mediators [55]. ANG-4 par-
ticipates in the formation of blood vessels and contributes 
to the development of a variety of tissues and organs [56]. 
Both these results suggested a beneficial role of dietary fiber 
supplementation on the intestinal barrier functions.

In summary, our results indicate a synergetic response 
of intestinal microbiota and epithelium to dietary INU sup-
plementation. The SCFA-mediated GPR and HDAC co-
regulation networks in the intestinal epithelium not only 
allows the animals to receive signaling from their resident 
microbiota, but also regulate a variety of physiological pro-
cesses in the epithelium, especially growth and metabolism, 
and play critical roles in maintaining the epithelial integrity 
and suppressing intestinal inflammation. Our results will 
also facilitate understanding of the mechanisms behind the 
dietary fiber modulated gut health in monogastric animals.
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