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Abstract

This study was conducted to investigate the effects of Clostridium butyricum and Enterococcus faecalis on growth performance,
immune function, inflammation-related pathways, and microflora community in weaned piglets challenged with
lipopolysaccharide (LPS). One hundred and eighty 28-d-old weaned piglets were randomly divided into 3 treatments groups:
piglets fed with a basal diet (Con), piglets fed with a basal diet containing 6 x 10° CFU C. butyricum-kg™* (CB), and piglets fed
with a basal diet containing 2 x 10%° CFU E. faecali-kg™ (EF). At the end of trial, 1 pig was randomly selected from for each pen
(6 pigs per treatment group) and these 18 piglets were orally challenged with LPS 25 pg-kg* body weight. The result showed
that piglets fed C. butyricum and E. faecalis had greater final BW compared with the control piglets (P < 0.05). The C. butyricum
and E. faecalis fed piglets had lower levels of serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), IL-1f,
tumor inflammatory factor-a (TNF-a), and had greater level of serum interferon-y (IFN-y) than control piglets at 1.5 and

3 h after injection with LPS (P < 0.05). Furthermore, piglets in the C. butyricum or E. faecalis treatment groups had a greater
ratio of jejunal villus height to crypt depth (V/C) compared with control piglets after challenge with LPS for 3 h (P < 0.05).
Compared with the control treatment, the CB and EF treatments significantly decreased the expression of inflammation-
related pathway factors (TLR4, MyD88, and NF-«B) after challenge with LPS for 3 h (P < 0.05). High-throughput sequencing
revealed that C. butyricum and E. faecalis modulated bacterial diversity in the colon. The species richness and alpha diversity
(Shannon) of bacterial samples in CB or EF piglets challenged with LPS were higher than those in LPS-challenged control
piglets. Furthermore, the relative abundance of Bacteroidales-Rikenellanceae in the CB group was higher than that in the
control group (P < 0.05), whereas EF piglets had a higher relative abundance of Lactobacillus amylovorus and Lactobacillus
gasseri (P < 0.05). In conclusion, dietary supplementation with C. butyricum or E. faecalis promoted growth performance,
improved immunity, relieved intestinal villus damage and inflammation, and optimized the intestinal flora in LPS-
challenged weaned piglets.
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Introduction

Since the early 1950s, studies have shown that antibiotics can
promote the growth performance (Dibneretal.,2005; Huyghebaert
et al.,, 2011) and reduce the rate of diarrhea in animal (Walsh
et al., 2007; Andreas et al.,, 2016). However, the development of
resistance to many antibiotics has necessitated the search for
alternatives to antibiotics. Recently, the provision of probiotics
has achieved notable results in improving growth performance,
maintaining intestinal health, and enhancing immunity in
animals (Truusalu et al., 2004; Asai et al.,2011; Dheilly et al., 2011).
Clostridium butyricum, a gram-positive anaerobic bacterium, is
found in healthy animals and the human gut (Finegold et al.,
1983; Zhang et al., 2017), and has the characteristics of showing
resistance to acidic pH, high temperature, and bile salts (Kong
et al.,, 2011; Zhang et al., 2016). Previous studies have shown that
C. butyricum has effects related to the improvement of broiler
growth performance and immune function, and optimization of
intestinal microflora structure (Cao et al., 2012; Yang et al., 2012;
Liao et al.,, 2015), whereas the intestinal inflammatory response
in mice is effectively alleviated after feeding with C. butyricum
(Hayashi et al., 2013). Similarly, Sumon et al. (2018) have reported
that dietary C. butyricum can improve the growth performance
and immune response of Macrobrachium rosenbergii. Studies have
also shown that C. butyricum can improve growth performance
in weaned piglets (Takahashi et al,, 2018) and optimizes the
microbial community (Zhang et al., 2018). Studies on Enterococcus
faecalis, a lactic acid bacterium that occurs in the intestines of
healthy animals (Toit et al., 2000; Gaggia et al., 2010), have shown
that it can improve growth performance and reduce diarrhea in
weaned piglets (Hu et al., 2015), whereas Tsukahara et al. (2011)
have shown that E. faecalis improves villous atrophy in early-
weaned mice and pigs. Although some previous studies have
investigated the use of C. butyricum and E. faecalis as probiotics,
there have been few studies on the effects of such probiotics on
intestinal inflammation and microbial community structure in
weaned piglets.

Lipopolysaccharide (LPS) is a class of endotoxin present
in the outer membrane of gram-negative bacteria, which is
essential for the physical integrity and function of the bacterial
outer membrane (Moran et al.,, 1995). Many animal studies have
used LPS to generate acute inflammation models (Lei et al.,
2015; Wyns et al., 2015). However, few studies have investigated
the effects of C. butyricum and E. faecalis on weaned piglets in
response to exposure to LPS.

Therefore, the present study mainly investigated the effects
of C. butyricum and E. faecalis on growth performance, immune
function, intestinal structure, inflammation-related pathways,
and intestinal flora structure in weaned piglets challenged with
LPS.

Materials and Methods

Animals, Housing, and Experimental Design

The following procedures were approved by the Ethics
Committee of Zhejiang Agricultural and Forestry University.
A total of 180 28-d-old weaned piglets (Duroc x Landrace x
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Yorkshire) were randomly assigned to 3 treatments (6 replicate
pens per treatment with 10 pigs in each pen). The treatments
were as follows: piglets fed a basal diet (Con), piglets fed a basal
diet supplemented with 6 x 10° CFU of C. butyricum-kg (CB),
and piglets fed a basal diet supplemented with 2 x 10 CFU of
E. faecalis'kg™ (EF). At the end of trial, one pig was randomly
selected from for each pen (6 pigs per treatment group) and
these 18 piglets were challenged with LPS 25 pg-kg* BW. The
basal diet was formulated to meet the nutrient requirements
suggested by the National Research Counci (1998) and contained
no antibiotics (Table 1). Water and feed were provided ad
libitum. Piglets were housed in a temperature-controlled room
maintained at 25.0 to 28.0 °C.

Bacterial Preparations

The commercial preparations of C. butyricum and E. faecalis were
provided by Zhejiang Vegamax Biological Technology Co., Ltd.
China. The basal diet was formulated to contain either 6 x 10°
CFU C. butyricum-kg™ or 1 x 10%° CFU E. faecalis-kg™.

Growth Performance and Occurrence of Diarrhea

On the day of weaning and on day 28 postweaning, all piglets
were weighed individually. Feed consumption per pen was
measured throughout the experiment. Average daily feed intake
(ADFI), ADG, and feed to gain (F: G) were calculated for the
piglets in each pen. Instances of the diarrhea in each piglet were
recorded daily in order to calculate the rate of diarrhea

Sample Collection

On day 28 postweaning, 1 pig was randomly selected from
for each pen (6 pigs per treatment group) and these 18 piglets
were injected with 25 pgkg™ LPS. Vascular blood (5 mL) was
collected from each pig at 1.5 and 3 h after injection. Piglets were
anesthetized and killed at 4 h after injection. Blood samples
were allowed to clot 4 °C and then centrifuged at 5,000 x g for
10 min. The resulting serum was collected and stored at -20 °C
for further analysis. Jejunum segments were preserved in 4%
paraformaldehyde and stored at 4 °C, and samples of the empty
field mucosa were collected in Eppendorf tubes and stored at
-80 °C.

Table 1. Composition and nutrient levels of the basal diet (air-dry
basis) %

Ingredients Content Nurtient level?

Corn 52.00 DE 13.52
Wheat midding 8.90 CP 20.96
Soybean meal 10.00 Lys 0.98
Extruded soybean 8.00 Met+Cys 0.58
Imported fish meal 8.00 Thr 0.59
Whey 7.00 Ile 0.67
Choline chloride 0.10 Ca 0.82
Phospholipid 2.00 TP 0.60
Premix* 4.00 AP 0.42
Total 100.00

'Supplied the following per kg of diet: vitamin A, 10,500 IU; vitamin
D3, 450 IU;vitamin E, 10 mg; pantothenic acid, 20 mg; vitamin B6,

2 mg; biotin, 0.3 mg; folic acid, 5 mg; vitamin B12, 0.009 mg; ascorbic
acid, 50 mg; Fe, 160 mg; Cu, 140 mg; Mn, 50 mg; Zn, 130 mg; I,

0.5 mg; Se, 0.3 mg.

2Values for net energy were calculated, the contents of ether extract,
crude protein, acid-detergent fibre, neutral-detergent fibre, ash, Ca,
and P were analyzed. DM, dry matter; T, Total; AA, amino acid.



4142 | Journal of Animal Science, 2019, Vol. 97, No. 10

Serum Parameter Analysis

The concentrations of serum factors, including aspartate
aminotransferase (AST), alanine aminotransferase (ALT), IgA,
IgM and IgG, IL-1B, tumor inflammatory factor-o (TNF-a), and
interferon-y (IFN-y), were measured using a multifunction
microplate reader and kits purchased from the Jiancheng
Biological Engineering Research Institute, Nanjing, China.

Jejunal Morphological Analysis

Jejunal samples were washed with normal saline, fixed with 4%
paraformaldehyde phosphate buffer for 48 h. The tissues were
then cut into 4 pm sections, which were routinely dehydrated,
dipped in wax, embedded in paraffin, and sectioned. The
processed samples were subsequently dewaxed with xylene,
stained with hematoxylin and eosin, dehydrated with ethanol,
and covered with coverslips. The villus height and crypt depth
were observed under an optical microscope (NIKON Eclipse ci,
Japan) and photographed (NIKON digital sight DS-FI2, Japan).
Ten fields of view were selected for the measurement of villus
height and crypt depth.

Immunohistochemical Analysis

Immunohistochemistry for the detection of Toll-like receptors 4
(TLR4), Myeloid differentiation factor 88 (MyD88), and Nuclear
factor-kappa B (NF-kB) was performed using 4-pm thick paraffin
sections of jejunal tissues prepared as described previously.
Sections were incubated with primary antibodies against TLR4,
MyD88, and NF-«B, and then incubated with secondary antibody
and diaminobenzidine. The sections were observed under an
optical microscope and photographed, and the cumulative
optical density (IOD) in the photograph was calculated and
averaged. Cells colored brown-yellow when viewed under the
microscope were identified as positive cells.

16S rRNA Sequencing of Colonic Microflora

Following the procedures described in our previous study
(Yang et al.,, 2018), the colonic microbiota was analyzed by
high-throughput sequencing using the colonic contents of
the different treatment groups. The main methods included
DNA extraction, PCR amplification of 16S rRNA, amplicon
sequencing, and sequence data processing. Total genomic DNA
was extracted using a QlAamp DNA stool Mini Kit, followed by
the measurement of DNA concentration and purity. Genomic
DNA integrity was determined by electrophoresis on a 1%
agarose gel. 16S rRNA gene sequencing and related biological
analyses was performed by Novogene (Beijing, China) using on

the Illumina HiSeq platform. The composition and abundance
of the microflora were determined by further alpha and beta
diversity analyses.

Statistical Analysis

SPSS Statistics 21.0 (SPSS Inc., USA) and GraphPad Prism 7
(GraphPad Software Inc., USA) were used for statistical analyses.
One-way ANOVA was performed and differences among the
means of different treatment were compared using least
significant difference tests. An alpha value of 0.05 was used to
assess the significance among means.

RESULTS

Growth Performance

The results showed that inclusion of C. butyricum and E. faecalis
in the diet increased the ADG (P < 0.05) and G:F ratio (P < 0.05) of
weaned piglets. Furthermore, we found that the rate of diarrhea
among piglets in the probiotic groups was lower than that in
control group animals (P < 0.05) (Table 2).

Liver Function

Compared with piglets fed the control diet, those fed diets
supplemented with C. butyricum or E. faecalis showed reduced
levels of serum AST and ALT at 1.5 and 3 h postchallenge with
LPS (P < 0.05) (Fig. 1). These results indicated that C. butyricum
and E. faecalis can alleviate the liver damage caused by stress.

Serum Inflammatory Factors

Piglets fed C. butyricum or E. faecalis had higher concentrations of
serum IgM than those fed the basal diet at 1.5 h postchallenge
with LPS (P < 0.05) (Fig. 2). Compared with the control group
piglets, those in the probiotic groups had lower serum
concentrations of IL-18 and TNF-a at 1.5 and 3 h postchallenge
with LPS (P < 0.05), whereas the concentration of IFN-y was
increased (Fig. 3).

Jejunal Morphology Analysis

Although piglets fed C. butyricum or E. faecalis had higher
jejunum villus lengths than the control piglets when
challenged with LPS (P < 0.05), they showed no significant
increase in crypt depth. Moreover, compared with control
group piglets, those fed C. butyricum or E. faecalis had an
increased the villus length to crypt depth ratio (V/C) following
LPS challenge (P < 0.05) (Fig. 4).

Table 2. Effects of C. butyricum and E. faecalis on growth performance of the weaned piglets?

Treatment
Item Control CB EF SEM2 P Value
Initial BW, kg 8.86 9.10 9.04 0.10 0.47
Final BW, kg 17.61° 19.602 18.442 0.24 0.02
ADG, g 312.76° 375.002 347.962 6.85 <0.01
ADFI, g 641.88° 654.172 626.29¢ 2.93 <0.01
F.G 2.052 1.75¢ 1.81° 0.04 <0.01
Diarrhea rate, % 6.672 0.50¢ 1.30° 0.00 <0.01

‘Control, CB and EF represents the piglets supplemented with basal diet, piglets supplemented with the C. butyricum and piglets
supplemented with E. faecalis, respectively. Piglets were regarded as the experimental units.

’Pooled SEM; n = 6 per treatment.

*’means within the same raw with different superscripts differ significantly (P < 0.05).
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Figure 1. Effects of C. butyricum and E. faecalis on AST and ALT in weaned piglets challenged with LPS involved 1.5 h and 3 h. LPS-Con represents the control piglets
challenged with LPS on day 30; LPS-CB represents the piglets supplemented with C. butyricum and challenged with lipopolysaccharide on day 30; LPS-EF represents the
piglets supplemented with E. faecalis and challenged with LPS on day 30; Small superscript letter indicates differences (P < 0.05). Values means n = 6 for the analysis of
liver function indexes.

IgA-LPS-1.5h IgG-LPS-1.5h IgM-LPS-1.5h
0.3 a
a
2 <
O &
&° &
IgA-LPS-3h IgG-LPS-3h IgM-LPS-3h
0.5+
0.4
0.3
2
X
0.2
0.1
0.04
QD < N 2> <
o & o o &
& & & & &

Figure 2. Effects of C. butyricum and E. faecalis on IgA, IgG, IgM in weaned piglets challenged with LPS involved 1.5 h and 3 h. LPS-Con represents the control piglets
challenged with LPS on day 30; LPS-CB represents the piglets supplemented with C. butyricum and challenged with LPS on day 30; LPS-EF represents the piglets
supplemented with E. faecalis and challenged with LPS on day 30; Small superscript letter indicates differences (P < 0.05). Values means n = 6 for the analysis of serum
inflammatory factor indexes.

OTUs, whereas CB and EF group piglets had 68 and 35 unique
OTUs, respectively (Fig. 6A). Beta diversity (UPGMA cluster
tree, Principal component analysis) analysis indicated that the
microbial communities derived from CB or EF group animals
showed varying degrees of difference from the control group
piglets (Fig. 6B and C). The alpha diversity (Shannon) of bacteria
in C. butyricum and E. faecalis piglets was found to be higher than
that in control piglets (Fig. 6D). At the phylum level, the microbial

Expression of Jejunal TLR4, MyD88, and NF-«xB

Compared with the control piglets, CB and EF supplementation
decreased the protein expression of TLR4, MyD88, and NF-«xB
following challenge with LPS (P < 0.05) (Fig. 5). Clostridium
butyricum or E. faecalis therefore appeared to have a significant
effect on suppressing inflammation.

Analysis of Colon Microbial Community Structure

The abundance and diversity of microorganisms in colonic
contents were determined based on high-throughput 16S-rRNA
sequencing. A Venn diagram showed that a total of 1,404
operational taxonomic units (OTUs) were shared among the
3 treatment groups. The control group piglets had 79 unique

composition of colonic contents in piglets was Firmicutes,
Bacteroidetes, Proteobacteria, and Tenericutes (Fig. 6E), whereas
at the family level, Clostridiaceae, Prevotellaceae, Lachnospiraceae,
and Ruminococcaceae were predominant (Fig. 6F). We found that
the relative abundance of Bacteroidales-Rikenellanceae in the CB
group was significantly higher than that in the control group
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Figure 3. Effects of C. butyricum and E. faecalis on serum IL-1f3, TNF-a, IFN-y in weaned piglets challenged with LPS involved 1.5 h and 3 h. LPS-Con represents the control
piglets challenged with LPS on day 30; LPS-CB represents the piglets supplemented with C. butyricum and challenged with LPS on day 30; LPS-EF represents the piglets
supplemented with E. faecalis and challenged with LPS on day 30; Small superscript letter indicates differences (P < 0.05). Values means n = 6 for the analysis of serum
inflammatory factor indexes.
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Figure 4. Effects of C. butyricum and E. faecalis on the jejunal villus height and the depth of jejunal crypt and the jejunal V/C in weaned piglets challenged with LPS.
(A) The villus length in the jejunum of weaned piglets; (B) the crypt depth in the jejunum of weaned piglets; (C) the ratio of the villus length and crypt depth. LPS-Con
represents the control piglets challenged with LPS on day 30; LPS-CB represents the piglets supplemented with C. butyricum and challenged with LPS on day 30; LPS-EF
represents the piglets supplemented with E. faecalis and challenged with LPS on day 30; small superscript letter indicates differences (P < 0.05). Values means n = 10 for
the analysis of the jejunum form.

(P < 0.05) (Fig. 6]). At the genus level, Clostridium, Lactobacillus, Discussion
Prevotellaceae, Terrisporobacter, and Roseburia were the dominant
genera in all samples, with the abundance of Lactobacillus in
EF group being higher than that in the control group (Fig. 6G).
Furthermore, the relative abundance of unidentified Prevotellaceae
in the CB group was higher than that in control group (P < 0.05)
(Fig. 6L). At the species level, we found that Ruminococcus spp,
Lactobacillus amylovorus, Selenomonas bovis, Alloprevotella spp,
Lactobacillus gasseri, and Megasphaera elsdenii were the dominant
species (Fig. 6H), and the abundance of L. amylovorus and
L. gasseri in the EF group being were higher than that in the
control group (Fig. 6L).

In the past few decades, probiotics have been demonstrated to
have positive effects in animals. However, previous studies have
tended to report inconsistent observations regarding the effect
of probiotics on growth performance. For example, whereas
Lactobacillus,  Bifidobacterium, Enterococcus, and Pediococcus
have been shown to be beneficial in enhancing the growth
performance in broilers (Mountzouris et al., 2007). Biernasiak
et al. (2009) reported that probiotics have no significant effect on
broiler growth performance. Similarly, although Yang et al. (2012)
and Liao et al. (2015) have shown that C. butyricum promotes



growth performance in broilers. Zhang et al. (2011) showed
that supplementation with 1 x 10° CFU C. butyricum-kg had
no effect on the growth performance of these birds. In piglets,
Lu et al. (2018) found that Enterococcus faecium, Bacillus subtilis,
Saccharomyces cerevisiae, and Lactobacillus paracasei improved
piglet growth performance and relieved diarrhea caused by
weaning stress, whereas Liu et al. (2018) showed that Lactobacillus
plantarum increased daily weight gain and feed conversion ratio.
Zong et al. (2019) showed that feeding piglets with C. butyricum
effectively improved growth performance and reduced the rate
of diarrhea. Similarly, Chen et al. (2018a) showed that dietary
supplementation with C. butyrium had positive effects on the
growth of weaned piglets, although it had no significant effect
on elevation of the G:F ratio. Furthermore, Hu et al. (2015)
indicated that E. faecalis can promote the growth performance
and reduce diarrhea in weaned piglets. In the present study,
we found that the dietary supplementation with C. butyricum
or E. faecalis led to a higher final BW and ADG. In addition, G:F
ratio of animals in the groups supplemented with probiotics
was reduced compared with that in control piglets. Moreover,
the ratio of diarrhea piglets fed C. butyricum or E. faecalis was
markedly reduced compared with of control group piglets.
Amino acid metabolic enzymes, such as AST and ALT, are
highly active in the liver and are important indicators of liver
function (Hijmans et al., 2014). Previous studies have indicated
that probiotics have no significant effects on serum AST and
ALT concentrations in broilers under either normal conditions
or heat stress (Sohail et al., 2011). However, probiotics have been
shown reduce serum AST and ALT concentrations in patients
with alcoholic liver disease (Kirpich et al., 2008). Cao et al. (2019)
showed that the Clostridium butyricum-based probiotics reduced
the concentration of AST and ALT in serum, improved liver
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function. In the present study, we found that LPS-challenged
piglets fed C. butyricum or E. faecalis had lower AST and ALT
levels than LPS-challenged control piglets, which indicates that
probiotic C. butyricum or E. faecalis can alleviate liver damage
induced by LPS.

Lipopolysaccharide treatment causes an inflammatory
reaction in hosts, via changes in various inflammatory factors
in blood. Dietary supplementation with probiotics has been
shown to enhance serum IgA, IgM, and IL-6 concentrations
in broilers (Zhang et al., 2015), and compared with control
broilers, birds fed C. butyricum have been found to have greater
serum IgM at day 21(Han et al, 2018). In the present study,
we showed that dietary supplementation with C. butyricum
or E. faecalis increased the serum concentrations IgA and IgM
and improved immune function. Previously, it has been shown
that dietary supplementation with C. butyricum can prevent
experimental acute colitis in mice through induction of IL-10
(Kanai et al., 2015), and can significantly reduce concentrations
of TNF-a in broiler (Chen et al., 2018b). Furthermore, E. faecalis
has been shown to induce the secretion of IL-6 and IFN-y in
the K mouse intestinal epithelial cell line (Hoffmann et al,
2011). Studies have also found that piglets infected with only
enterotoxigenic Escherichia coli K88 (ETEC K88) have elevated
mRNA levels of the proinflammatory cytokine IL-1f compared
with untreated pigs at 6 and 24 h post-ETEC K88 infection (Li
et al.,, 2018). In the present study, we found that concentrations
of the proinflammatory factors IL-1f and TNF-a in the serum
of CB or EF group piglets challenged with LPS were lower than
those in control group piglets, whereas serum concentrations
of the serum anti-inflammatory factor IFN-y were significantly
increased compared with the control group following LPS
challenge. Collectively, these findings indicate that dietary

LPS-CB

LPS-EF

Figure 5. Effects of C. butyricum and E. faecalis on jejunal about TLR4, MyD88, and NF-«B in weaned piglets challenged with LPS. This is the result of immunohistochemistry
in jejunal mucosa. (A) Immunohistochemical results of TLR4; (B) immunohistochemical results of MyD88; (C) immunohistochemical results of NF-«xB. LPS-Con
represents the control piglets challenged with LPS on day 30; LPS-CB represents the piglets supplemented with C. butyricum and challenged with LPS on day 30; LPS-EF
represents the piglets supplemented with E. faecalis and challenged with LPS on day 30; Small superscript letter indicates differences (P < 0.05). Values means n = 6 for
the analysis of jejunal mucosa.
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Figure 6. Summary of microbial community in colon contents of weaned piglets. (A) The Venn diagram summarizing the numbers of common and unique OTUs in the
microflora community in colonic contents of weaning piglets. (B) UPGMA Cluster Tree displaying the relative abundances of predominant bacteria at the species level
in each group (unweighted UniFrac distance). (C) Principle component analysis plot about the colonic microflora. (D) Shannon index reflecting species diversity within
and between groups. (E-H) The top 10 relative abundance of microflora community (level phylum, family, genus, species). (I) Differences of dominant species between
groups (level species). (J-L) Species with significant differences between groups (level family, genus, species). Con represents the control piglets challenged with LPS;
CB represents the piglets supplemented with the C. butyricum challenged with LPS; EF represents the piglets supplemented with E. faecalis challenged with LPS. OTU,
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operational taxonomic unit. Piglets were regarded as the experimental units, each treatment with n = 6. *Means different (P < 0.05), ** means significant difference

(P <0.01)
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Figure 6. Continued

supplementation with C. butyricum or E. faecalis effectively
alleviates the LPS-induced inflammatory response.

The length of villi and depth of crypts in the intestine are
considered primary indicators for detecting any perturbation
of intestinal function. Previous studies in broilers have shown
that probiotic supplementation can increased villus height
and the ratio of villus height to crypt depth, whereas the crypt
depth was reduced (Awad et al., 2009; Kim et al., 2012). Research
has also shown that daily oral administration of E. faecalis can
alleviate the intestinal damage in piglets or young rats due to
weaning, and significantly increase the height of the jejunal villi
(Tsukahara et al., 2011). Furthermore, broilers fed C. butyricum
have been found to have a significantly increased ratio of
villus height to crypt depth (Cao et al., 2012), and Zhang et al.
(2016) have shown that the supplementation of basal diet with
C. butyricum increased jejunal villus height and decreased crypt
depth in broiler chickens challenged with E. coli K88. In the
present study, we demonstrated that inclusion of C. butyricum
or E. faecalis in the diet increased the ratio of jejunum villus
height to crypt depth, thereby indicating that C. butyricum or
E. faecalis can protect the intestinal development and facilitate
the maintenance of normal intestinal function following LPS
stimulation.
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Toll-like receptors 4 (TLR4), one of the Toll-like receptors
(TLRs), regulates the inflammatory response by recognizing
LPS and mediating its signal transduction, thereby playing an
important role in the immune system in response to against the
invasion of gram-negative bacteria (Gordon, 2002; Akira et al.,
2004). TLR4, the first member of TLR family to be discovered,
belongs to the type I transmembrane receptors of the TLR
interleukin super-family, and functions in proinflammatory and
immune responses (Lin et al.,, 2017). Nonspecific recognition,
combined with pathogen-associated molecular patterns,
activates NF-kB-related protein pathways, and promotes
inflammatory reactions (Rashidian et al., 2016). TLR-mediated
myocardial inflammation causes severe damages to the
myocardium, and the TLR4/MyD88/NF-xB signaling pathway
plays an important role in coronary microembolism (CME)-
induced myocardial injury (Heusch et al., 2016). It has been
demonstrated that Lactobacillus can inhibit the NF-kB activation
and TLR4 expression induced by 2,4,6-trinitrobenzenesulfonic
acid (TNBS) in mice (Lee et al.,, 2009), and Lim et al. (2017)
have shown that Bifidobacterium can ameliorate high-fat diet
induced colitis in mice by inhibiting the activation of NF-«xB
and production of LPS. Furthermore, it has been reported that
C. butyricum inhibits the phosphorylation of NF-kB, nuclear
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factor kappa-B RelA (NF-kB p65), and extracellular regulated
protein kinases in the gastric tissues (Liu et al., 2016). Zhao
et al. (2017) revealed that the inflammation of chickens were
alleviated by C. butyricum via down-regulating TLR4, MyD88, and
NF-xB-dependent pathways. Ushida et al. (2010) showed that
E. faecalis promotes the production of inflammatory factor IL-12
by mediating MyD88 in mice. To date, however, there have been
relatively few studies on the effects of C. butyricum and E. faecalis
onTLR4 inflammation-related pathways in weaned piglets. In
the present study, we found that among the piglets challenged
with LPS, the protein expression levels of TLR4, MyD88, NF-kB
in the jejunum of piglets fed C. butyricum or E. faecalis were
significantly decreased compared with those in control piglets
fed the basal diet. Both C. butyricum and E. faecalis were found
to alleviate the inflammatory responses induced by LPS through
modulating the TLR4 inflammatory signaling pathway.

The structure of the intestinal microbial community is
extremely complex and plays a key role in feed utilization,
digestive tract integrity, and animal health. In piglets, the colon
is the main site of microbial colonization (Mazmanian et al.,
2008; Kong et al., 2011; Luo et al., 2013). A study by Duan et al.
(2018) confirmed that C. butyricum optimized the intestinal
microbial structure of Penaeus vannamei, as determined by
alpha diversity analysis (Shannon, abundance-based coverage
estimator), which is consistent with the results of the present
study. Also consistent with the findings of the present study,
Hagihara et al. (2018) found that C. butyricum increased the
abundance of the bacterial genera Bifidobacterium, Coprococcus,
and Bacteroides. We detected a higher abundance of Bacteroidetes
and Proteobacteria in the CB group piglets compared with
those in the control group, as indicated by a species relative
abundance map and UPGMA cluster tree. Miao et al. (2018) found
that C. butyricum administered to breast-feeding maternal mice
can regulate the balance of intestinal flora in their offspring. In
our previous study, we demonstrated that C. butyricum reduces
the number of E. coli in the intestines of broiler chickens and
increases the number of Bifidobacterium, thereby regulating the
intestinal flora (Cao et al., 2012). Zhang et al. (2014) showed
that birds fed C. butyricum had decreased and increased
populations of E. coli and Lactobacillus, respectively, compared
with control birds challenged with E. coli K88, whereas Chen
et al. (2018a) found that C. butyricum increased the levels of
Bacillus and Ruminococcaceae in the intestines of LPS-challenged
piglets, although there were no differences between CB group
and control piglets with regards to the levels of Bacillus and
Ruminococcaceae. In the present study, we found that among the
piglets challenged with LPS, those receiving diets supplemented
with C. butyricum showed enhanced growth performance
compared with control group.

In addition, Samli et al. (2007) found that broilers fed with
probiotic E. faecium were characterized by an increase in lactic
acid bacteria colonization in the ileal content of chicks. Bacillus
is one of the members of microbial that can be directly fed to
animals (Gerritsen et al., 2011), and in this study, an increase
in L. amylovorus and L. gasseri in LPS-challenged piglets fed an
E. faecalis-supplemented diet indicates the beneficial effect
of this probiotic bacterium. Oh et al. (2018) reported that
L. gasseri has a strong ability to colonize the intestines, which
has beneficial antioxidative, anti-inflammatory effects and also
inhibits o-glucosidase activity and nitric oxide production in
livestock. Moreover, L. gasseri has also been shown to inhibit
the antiviral activity of respiratory syncytial virus, to upregulate
the genes stimulated by interferon, and to increase the level
of interferon (Eguchi et al, 2019), and effectively inhibits

Staphylococcus aureus (Cifuentes et al., 2019). Moreover, Slavica
et al. (2015) have reported that L. amylovorus converts glucose
into lactate and acetate for absorption and utilization by host
animals. Lactobacillus amylovorus has also been shown to protect
the intestinal cells from ETEC K88 infection through inhibiting
the ETEC-induced increase in the levels of TLR4 and MyD88, the
phosphorylation of inhibitor of nuclear factor kappa-B kinase
(IKK ), inhibitor of nuclear factor kappa-B kinase (IKK f),
inhibitor of NF-«B (IkB ), and NF-kB p65, and over-production of
the inflammatory cytokines IL-8 and IL-1f (Finamore et al., 2014).
In the present study, we found that dietary supplementation
with C. butyricum or E. faecalis increased the diversity of the
intestinal microflora in LPS-challenged piglets, optimized
intestinal flora structure, and effectively improved piglet health.

Conclusion

In this study, we demonstrate that dietary supplementation
with either C. butyricum or E. faecalis enhances the growth
performance of weaned piglets. We also observed a tendency
of C. butyricum and E. faecalis to enhance immune function by
alleviating liver damage. Moreover, C. butyricum and E. faecalis
improved intestinal morphology of LPS-challenged piglets,
decreased the expression of inflammation-related pathway
proteins, and increased the abundance and diversity of the
colonic microbial population in LPS-challenged piglets.
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