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Abstract: Enterohemorrhagic Escherichia coli (EHEC) is a notorious and prevalent foodborne pathogen
which can cause serious intestinal diseases. The antagonistic activity of probiotics against EHEC is
promising, but most of the studies concerning this subject have been carried out in vitro. Specifically,
the interaction between Pediococcus pentosaceus and EHEC O157:H7 in vivo has not been reported yet.
In this study, we investigated the protective effect of P. pentosaceus IM96 on EHEC O157:H7-infected
female mice in vivo. The results demonstrated that P. pentosaceus IM96 reduced the level of pro-
inflammatory factors and increased the level of anti-inflammatory factors of EHEC O157:H7-infected
mice. Furthermore, P. pentosaceus IM96 alleviated intestinal mucosal damage and increased the
level of MUC-2, tight junction (TJ) proteins, and short chain fatty acids (SCFAs). The intestinal
microbial community structure and the diversity and richness of the microbiota were also changed
by P. pentosaceus IM96 treatment. In summary, P. pentosaceus IM96 exerted protective effects against
EHEC O157:H7 via alleviating intestinal inflammation, strengthening the intestinal barrier function,
and regulating intestinal microbiota, suggesting that P. pentosaceus IM96 might serve as a potential
microbial agent to prevent and treat intestinal diseases caused by EHEC O157:H7 infection in
the future.

Keywords: Pediococcus pentosaceus IM96; EHEC O157:H7; probiotics; inflammation; intestinal barrier;
intestinal microbiota

1. Introduction

Enterohemorrhagic Escherichia coli (EHEC) is a food-borne pathogen that seriously
threatens human health, wherein EHEC O157:H7 is considered as the most common
protoserotype since it can cause hemorrhagic diarrhea, enteritis, and hemolytic uremic
syndrome (HUS) [1]. At present, the use of antibiotics has been identified to be the
most common method to treat EHEC O157: H7 infection. However, recent studies have
confirmed the emerge of resistant and even super-resistant bacteria due to the abuse of
antibiotics, which will pose a serious threat to human health [2,3]. Therefore, a safe, stable,
cost-effective, and biological antibacterial agent is urgently needed to be developed to
reduce or even replace the use of antibiotics.
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Probiotics are defined as, “live microorganisms that, when administered in ade-
quate amounts, confer a health benefit on the host” [4]. Numerous studies have shown
that probiotics have an antagonistic effect on pathogenic bacteria. Additionally, it has
been demonstrated that probiotics improve immune regulation, strengthen the intestinal
barrier, and balance intestinal microbiota [5]. A previous study showed that probiotic
Bacillus bacteria comprehensively abolished the colonization of the dangerous pathogen
Staphylococcus aureus by inhibiting S. aureus quorum sensing in a rural Thai population [6].
Bioengineered Lacticaseibacillus casei prevented foodborne Listeria monocytogenes infection
through competitive exclusion, maintenance of intestinal epithelial barrier functions, and
contact-dependent immunomodulation [7]. Therefore, probiotics and their metabolites,
as potential antibacterial agents, have attracted great interest in the treatment of diseases
caused by pathogenic bacteria.

P. pentosaceus is a facultative anaerobic lactic acid bacterium that can affect carbohy-
drate degradation. It is a promising strain with valuable potentials [8]. P. pentosaceus can
not only be used as biological food preservatives and flavor additives, but it also functions
in the fields of food engineering, agriculture, and animal husbandry. P. pentosaceus is a
potentially predominant probiotic strain due to its anti-inflammatory, anti-cancer, anti-
oxidant, detoxifying, and lipid-lowering abilities [9]. Moreover, the antimicrobial effects
of P. pentosaceus are being highlighted. P. pentosaceus I13, P. pentosaceus ATCC 43200 and
P. pentosaceus LJR1 exerted antagonistic effects against Listeria monocytogenes in vitro [10–12].
The cell free supernatant (CFS) of P. pentosaceus 4I1, which was isolated from the freshwater
fish, restricted the growth of Escherichia coli O157:H7 in vitro [13]. However, the interaction
between P. pentosaceus and EHEC O157:H7 in vivo has not been researched yet. Therefore,
this study explored the protective effect of P. pentosaceus IM96 on EHEC O157:H7-infected
female mice in vivo.

2. Materials and Methods
2.1. Strains, Cultures and Growth Environment

P. pentosaceus IM96 was isolated from turnip rape, a fermented vegetable food, in
Manzhouli, Inner Mongolia, China. P. pentosaceus IM96 was cultured in MRS medium
(Guangdong Huankai Microbial Sci.&Tech. Co., Ltd., Guangzhou, China). at 37 ◦C in an
anaerobic environment. EHEC O157: H7 ATCC 43895 was cultured at 37 ◦C in LB medium
(Guangdong Huankai Microbial Sci.&Tech. Co., Ltd., Guangzhou, China).

2.2. Antibacterial Ability Evaluation

The activated P. pentosaceus IM96 was inoculated into an MRS medium, and anaerobi-
cally cultured at 37 ◦C for 24 h. The bacterial suspension was centrifuged at 10,000× g for
10 min at 4 ◦C, and then filtered with a sterile 0.22 µm microporous membrane to obtain
the CFS. The activated EHEC O157:H7 ATCC 43895 was inoculated into LB medium and
cultured at 37 ◦C, and 200 rpm for 6 h. The oxford cup agar diffusion method was used
to evaluate the antibacterial ability of P. pentosaceus IM96 [14]. Firstly, 200 µL of EHEC
O157:H7 ATCC 43895 was evenly spread on the nutrient agar plate. Then, 200 µL of CFS
of P. pentosaceus IM96 was added to the Oxford Cup. CFS was fully diffused at 4 ◦C and
then incubated at 37 ◦C for 24 h. Finally, the diameter of the inhibition zone was measured,
recorded, and pooled from three independent experiments.

2.3. Animals and Grouping

Seven-week-old SPF female C57BL/6 mice were obtained from Beijing HFK Bioscience
CO., LTD. The mice were placed in a controlled environment with a temperature of
23 ± 3 ◦C, relative humidity of 55 ± 10%, and light/dark cycle of 12/12 h. During the
experiment, the mice were free to fetch water and food. In total, forty mice were used to
adapt one week before the experiment and then were randomly divided into four groups.
The control group was gavaged with 0.1 mL of PBS, while the EHEC, norfloxacin and
IM96 groups were orally administered with 1 × 109 CFU EHEC O157: H7 ATCC 43895.
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After 4 h, the control group and EHEC were administered intragastrically 0.1 mL PBS, while
norfloxacin group was administered intragastrically 5 mg/kg body weight norfloxacin
and IM96 group were gavaged 1 × 108 CFU P. pentosaceus IM96. The experiment was
repeated two times. All experiments were approved by the Institutional Animal Care
and Ethics Committee of the Institute of Microbiology, Guangdong Academy of sciences
(GT-IACUC202009252) and followed the standard guidelines for maintenance.

2.4. Intestinal Morphology Observation

After the experiment, the jejunum and ileum of the mice were quickly fixed in 10%
neutral formalin fixative. Then, the tissue was dehydrated, rendered transparent, and
embedded with paraffin to prepare tissue sections. The sections were deparaffinized and
stained with hematoxylin and eosin (H&E) sequentially. The intestinal morphology was
observed with a fluorescence microscope (Olympus IX73, Tokyo, Japan).

2.5. Elisa

The jejunum tissue of the mice was homogenized and crushed using a freezer grinder,
and the supernatant was collected by centrifugation. The protein content of the jejunum
was determined with the BCA protein kit according to the manufacturer’s instruction
(Sangon Biotech, Shanghai, China). The mouse Elisa Kits (AngleGene, Nanjing, China)
were adopted to measure the level of inflammation factors including IL-1β, IL-6 and
TNF-α, IL-10 and intestinal barrier function indicators including MUC-2, Occludin, and
ZO-1. Furthermore D-lactic acid (D-LA) and diamine oxidase (DAO) in serum were
detected by ELISA Kits (Dogesce, Beijing, China).

2.6. Periodic Acid–Schiff (PAS) Staining

The jejunum tissue was quickly fixed and prepared into paraffin sections with a
thickness of 5-µm by referring to the method described above. Following deparaffinization,
the sections were stained by PAS staining. Images were obtained using a fluorescence
microscope (Olympus IX73).

2.7. Immunohistochemistry

The preparation method of the jejunum tissue section is the same as described in 2.6.
After deparaffinization, immunohistochemical analyses were performed involving antigen
retrieval and incubation with anti-MUC-2 antibody (ab272692) at a dilution of 1:2000,
anti-Occludin antibody (ab216327) at a dilution of 1:200, and anti-ZO-1 antibody (ab96587)
at a dilution of 1:500, respectively. Then, the sections were incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG at a ratio of 1:200 (Servicebio, Wuhan,
China). Following DAB staining, images were obtained by a fluorescence microscope
(Olympus IX73).

2.8. Quantification of SCFAs

SCFAs in the colon contents of the mice was quantified by using a gas chromato-
graph (GC). Briefly, the colon contents (50 mg) were homogenized in 0.001% vitriol and
centrifuged at 13,000× g for 25 min at 4 ◦C and then filtered with a sterile 0.22 µm mi-
croporous membrane. Then, 1.0 µL supernatant was loaded on Agilent 7890A (Agilent
Technologies, Palo Alto, CA, USA) equipped with TG-624SiIMS chromatographic column
(30 m × 0.25 mm × 0.25 um). The supernatant was collected, and the experimental anal-
ysis were slightly modified according to Chen et al. [15] under the following conditions:
7.5649 psi pressure, 20 mL/min desolvation gas flow, 3 mL/min cone gas flow, 180 ◦C oven
temperature, and 250 ◦C for the injector and detector temperature. A volatile acid standard
mix (Supelco, Bellefonte, PA, USA) were used as an external standard and to obtain the
calibration curve.
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2.9. Intestinal Microbiota Analysis

Extraction of genomic DNA, PCR amplicon sequencing, and data processing were com-
pleted by GENEWIZ, Inc. (South Plainfield, NJ, USA). In brief, genomic DNA from cecal
contents of the mice was extracted using DNA extraction Kit (Megan, Guangzhou, China)
according to the manufacturer’s protocols. DNA concentration was monitored by Qubit
3.0 Fluorometer. The 16S rDNA V3 and V4 regions were amplified using forward prime
CCTACGGRRBGCASCAGKVRVGAAT and reverse primer GGACTACNVGGGTWTC-
TAATCC. DNA libraries were multiplexed and loaded on an Illumina MiSeq instrument
following the manufacturer’s instructions (Illumina, San Diego, CA, USA) and paired-end
sequencing was performed. The forward and reverse reads were truncated by cutting off
the index and primer sequence and joined with at least 20 bp overlap. Quality filtering on
joined sequences was performed and sequence which did not fulfill the following criteria
were discarded: sequence length > 200 bp, no ambiguous bases, mean quality score ≥ 20.
Image analysis and base calling were conducted by the control software embedded in the
instrument. After quality filter and purify chimeric sequences, the resulting sequences were
clustered into operational taxonomic units (OTUs) according to Greengenes 13.8 databases
(sequences similarity was set to 97%). Related data analysis and graphs were performed
using Calypso [16] (http://cgenome.net/calypso/ (accessed on 3 May 2021)) and Microeco
bioinformatics cloud (https://bioincloud.tech/ (accessed on 10 May 2021)).

2.10. Statistical Analysis

Data analysis was conducted using the unpaired Student’s t-test or one-way ANOVA
with SPSS 26. Dada were shown as the mean ± SD, and p-value < 0.05 were consid-
ered statistically significant. Representation of the p-value was * p < 0.05, ** p < 0.01,
and *** p < 0.001.

3. Results
3.1. Antibacterial Activity of P. pentosaceus IM96

To verify the antibacterial activity of P. pentosaceus IM96, we examined the activity by
using the oxford cup agar diffusion method. As shown in Figure S1, the results suggested
that P. pentosaceus IM96 showed obvious antagonistic activity against EHEC O157:H7
(24.67 ± 0.58 mm).

3.2. P. pentosaceus IM96 Improved the Survival Rate and Body Weight of
EHEC O157:H7-Infected Mice

During EHEC O157:H7 infection period, the mice of the EHEC group showed lethargy,
slowness of motion, and loss of appetite. The survival rate and body weight of the mice
were measured and the results showed that the EHEC group had an 80% survival rate.
However, there was a 100% survival rate after P. pentosaceus IM96 intervention, as with
the norfloxacin (Figure 1A). In terms of changes in body weight, EHEC O157:H7 infection
significantly reduced the body weight (Figure 1B). Compared with the EHEC group,
P. pentosaceus IM96 and norfloxacin significantly alleviated the weight loss. There was no
significant difference between the IM96 group and the norfloxacin group.

http://cgenome.net/calypso/
https://bioincloud.tech/
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Figure 1. P. pentosaceus IM96 relieved the clinical characteristics of EHEC O157:H7-infected mice. (A) Survival rate of the
mice; (B) body weight change of the mice; (C) ratio of villus height to crypt depth in jejunum of the mice; (D) representative
image of H&E staining in jejunum and ileum of the mice (scale bar, 100 µm). All of the data are expressed as the mean ± SD
(n = 8), *** p < 0.001.

3.3. P. pentosaceus IM96 Alleviated Intestinal Damage Caused by EHEC O157:H7 Infection

EHEC infection significantly reduced the ratio of villi height to crypt depth, and
P. pentosaceus IM96 and norfloxacin intervention significantly increased the ratio of villus
height and crypt depth in the jejunum and returned to normal levels (Figure 1C). The
intestinal villi of the control group were normal and neatly arranged, and the structure of
intestinal mucosa and epithelial cells was complete in the small intestine. In the EHEC
group, various intestinal segments had clinical lesions of varying degrees, including villi
loss, damage of the intestinal mucosa, and inflammatory cell infiltration, while P. pentosaceus
IM96 and norfloxacin could improve the intestinal morphology (Figure 1D).

3.4. P. pentosaceus IM96 Ameliorated EHEC O157:H7-Induced Intestinal Inflammation

The results showed that compared with the control group, the EHEC group had
significantly increased the concentrations of pro-inflammatory factors IL-1β, IL-6 and
TNF-α (Figure 2A–C). P. pentosaceus IM96 treatment could significantly reduce the levels of
IL-1β, IL-6, and TNF-α to normal levels with similar effect to norfloxacin. Furthermore,
we also measured the concentration of anti-inflammatory factor IL-10 (Figure 2D). After
oral administration of EHEC O157:H7, the production of IL-10 was inhibited. Interestingly,
after P. pentosaceus IM96 and norfloxacin treatment, the secretion of IL-10 was significantly
increased. Additionally, as shown in Figure S2, both P. pentosaceus IM96 and norfloxacin
can significantly decrease the concentration of IL-1β and IL-6 in the serum.
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Figure 2. P. pentosaceus IM96 relieved EHEC O157:H7-induced inflammation in jejunum of the mice.
(A) IL-1β; (B) IL-6; (C) TNF-α; and (D) IL-10. All of the data are expressed as the mean ± SD (n = 8),
*** p < 0.001.

3.5. P. pentosaceus IM96 Restored the Intestinal Epithelial Barrier Function

EHEC O157: H7 infection could markedly reduce the MUC-2 concentration in the
jejunum (Figure 3A). Compared with the EHEC group, both P. pentosaceus IM96 and
norfloxacin could increase the concentration of MUC-2 in the jejunum. Remarkably, the
effect of P. pentosaceus IM96 was better than that of norfloxacin on promoting MUC-2
expression in the jejunum. The immunohistochemistry results of MUC-2 confirmed that
P. pentosaceus IM96 could restore the intestinal epithelial barrier function by upregulating
MUC-2 expression (Figure 3C). Furthermore, to further explore the effect of P. pentosaceus
IM96 on MUC-2, we studied the effect of P. pentosaceus IM96 on goblet cells in the jejunum
using PAS staining (Figure 3D). The results showed that the number of goblet cells in the
IM96 group and the norfloxacin group was notably higher than that in the EHEC group
(Figure 3B). Interestingly, P. pentosaceus IM96 was superior to norfloxacin regarding the
number of goblet cells in the jejunum.
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Figure 3. P. pentosaceus IM96 enhanced the intestinal epithelial barrier function in jejunum of the mice by upregulating
MUC-2 expression. (A) The concentration of MUC-2; (B) the number of goblet cells per microscopic field (scale bar, 100 µm);
(C) representative images of immunohistochemical stainings of MUC-2; and (D) representative images of PAS stainings
(scale bar, 100 µm). All of the data are expressed as the mean ± SD (n = 8), * p < 0.05, ** p < 0.01, *** p < 0.001.

The concentration of Occludin and ZO-1 was considerably decreased in the jejunum in
the EHEC group compared with that in control group (Figure 4A,B). P. pentosaceus IM96 and
norfloxacin tremendously increased the production of Occludin and ZO-1 in the jejunum
compared with that in the EHEC group. The immunohistochemistry results of Occludin
and ZO-1 confirmed that P. pentosaceus IM96 could restore the intestinal epithelial barrier
function by increasing TJ proteins expression such as Occludin and ZO-1 (Figure 4C,D). We
also determined the effects of P. pentosaceus IM96 on intestinal permeability by detecting
the concentration of D-LA and DAO in the serum. As shown in Figure S3, compared
with the control group, the EHEC group remarkably increased the concentrations of D-LA
and DAO. In contrast, P. pentosaceus IM96 effectively improved EHEC O157:H7-disrupted
intestinal permeability, as did norfloxacin.
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Figure 4. P. pentosaceus IM96 enhanced the intestinal epithelial barrier function in jejunum of the mice by increasing TJ
proteins expression. (A) The concentration of Occludin and (B) ZO-1; (C) representative images of immunohistochemical
stainings of Occludin and (D) ZO-1 (scale bar, 100 µm). All of the data are expressed as the mean ± SD (n = 8), * p < 0.05,
** p < 0.01, *** p < 0.001.

3.6. P. pentosaceus IM96 Restored the Concentration of SCFAs in EHEC O157:H7-Infected Mice

Compared with the control group, EHEC infection reduced the production of acetic
acid. P. pentosaceus IM96 increased the concentration of acetic acid to normal levels in
the colon of EHEC O157:H7-infected mice (Figure 5A). In addition, the concentration of
propionic acid in the IM96 group was also higher than that in the EHEC group (Figure 5B).
The concentrations of acetic acid, propionic acid, and butyric acid in the IM96 group were
higher than those in the norfloxacin group (Figure 5A–C).
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Figure 5. P. pentosaceus IM96 return the concentrations of SCFAs to normal levels. (A) Acetic acid; (B) propionic acid;
(C) butyric acid. All of the data are expressed as the mean ± SD (n = 6), * p < 0.05, ** p < 0.01.

3.7. P. pentosaceus IM96 Regulated Intestinal Microbiota Disruption Caused by EHEC O157:H7

Chao1, ACE, Richness, and Shannon Index were used to reflect the alpha diversity of
the intestinal microbiota. Compared with the EHEC group, P. pentosaceus IM96 intervention
improved the Chao1, ACE, Richness, and Shannon Index of the intestinal microbiota of the
mice, while norfloxacin had the same effect (Figure S4A–D). Nonmetric multidimensional
scaling (NMDS) analysis also showed that the four groups were clustered in different
places (Figure 6A). The mice in the EHEC group were affected by EHEC infection, which
exhibited disordered and scattered distribution of intestinal microbiota. Compared with
the EHEC group, the distribution of intestinal microbiota in IM96 group was relatively
stable and concentrated, which was close to the control group. The difference of the mice
microbiota between the EHEC and IM96 group indicated that IM96 had a positive effect
on the intestinal microbiota, making the intestinal microbiota of the mice develop more
normally. At the phyla level, Firmicutes and Bacteroides were two most abundant phyla
among the four groups (Figure 6B). Compared with the other three groups, the relative
abundance of Firmicutes in the IM96 group showed an evident increase, while Bacteroides
were reduced. At the family level, Desulfovibrionaceae, Clostridiaceae, Mogibacteriaceae,
and Verrucomicrobiaceae were more prevalent in the control group, but Aerococcaceae,
Corynebacteriaceae, Odoribacteraceae, Bacteroidaceae, Rikenellaceae, and F16 were more
common in the EHEC group. In addition, the abundance of Lachnospiraceae, Mogibacte-
riaceae, Lactobacillaceae, and Helicobacteraceae were more common in the IM96 group,
while Prevotellaceae, Ruminococcaceae, Paraprevotellaceae, and S24-7 were more preva-
lent in the norfloxacin group (Figure 6C). The linear discriminant analysis effect size
(LEfSe) analysis was adopted to explore the abundance of dominant microbe in each group
(Figure 6D). In comparison of the EHEC group with IM96 group at the family level, we
found the relative abundance of Lachnospiraceae, Lactobacillaceae, and Mogibacteriaceae
were statistically higher in the IM96 group, while Corynebacteriaceae, Rikenellaceae, and
Staphylococcaceae were dominant microbe in the EHEC group (Figure 6E).
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Figure 6. P. pentosaceus IM96 regulated the bacterial community of the cecum microbiota. (A) NMDS; (B) relative abundance
richness at phyla level; (C) heatmap of the top 20 families; (D) LEfSe on family level; and (E) LDA in EHEC group and
IM96 group.
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For further investigation of the correlation between the gut microbiota and other
sample indicators, the analysis of the environmental factors was adopted to establish a
Redundancy Analysis (RDA) model for microbiota samples and five main factors, involving
IL-6, TNF-α, Occludin, IL-10, and MUC-2. As shown in Figure 7A, RDA1 and RDA2,
respectively, accounted for 41.29% and 22.46% of the whole gut microbiota variation.
The coordinate coefficient, correlation, and significance of different factors were listed
in Figure 7B, respectively. The result showed that MUC-2 and Occludin were highly
correlated with the distribution of gut microbiota. In terms of the correlation between
species, Figure 7C showed that Ruminococcaceae, Prevotellaceae, and Mogibacteriaceae
were all positively correlated with Occludin, IL-10, and MUC-2, and negatively correlated
with IL-6 and TNF-α. Moreover, Rikenellaceae, Bacteroidaceae, Corynebacteriaceae and
Staphylococcaceae were all negatively correlated with Occludin, IL-10, and MUC-2, while
positively correlated with IL-6 and TNF-α.

Figure 7. Correlation analysis of environmental factors. (A) RDA of intestinal microbiota distribution and environmental
factors. The arrows indicate the environmental factors, and the length of the arrow line indicates the degree of correlation
between the environmental factor and the sample distribution. The longer the line, the greater the correlation. The angle
between the arrow line and the sort axis and the angle between the arrow line indicates the correlation. The smaller
the angle, the higher the correlation; (B) the significance of environmental factors was analyzed by envfit function. r2 is
determinant coefficient of environmental factors on intestinal microbiota distribution; (C) correlation heatmap, * p < 0.05,
** p < 0.01, *** p < 0.001.

4. Discussion

Probiotics have been shown to possess the ability to antagonize EHEC O157:H7. EHEC
is notorious foodborne pathogen, which is related with many intestinal diseases. To the
best of our knowledge, this is the first report on the protective effects of P. pentosaceus IM96
against EHEC O157:H7-infected mice in vivo. Our study demonstrated that P. pentosaceus
IM96 could increase the survival rate and body weight of EHEC O157:H7-infected mice.
Consistent with these results, a previous study showed that Lacticaseibacillus paracasei NTU
10 could decrease morbidity and increase weight gain in Escherichia coli O157:H7-infected
mice [17]. Probiotic Clostridium butyricum MIYAIRI strain 588 could increase the survival
rate when the mice were infected by EHEC O157:H7 [18]. In addition, P. pentosaceus IM96
could improve intestinal villi loss, mucosal damage, and inflammatory cell infiltration
caused by EHEC O157:H7 in the jejunum of the mice. The ratio of villi height to crypt depth
is an important indicator to evaluate the integrity and functional status of the intestinal
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mucosa. A large ratio indicates that the small intestine has a strong digestive ability.
It was reported that Bacillus amyloliquefaciens TL106 increased the ratio of villus height
to crypt depth in the jejunum [19]. Similarly, we found that compared with the EHEC
group, P. pentosaceus IM96 significantly increased the ratio of villus height to crypt depth
in the jejunum, indicating that P. pentosaceus IM96 could repair the mucosa and enhance
absorption function in the jejunum.

Probiotics have been confirmed to play a positive regulatory role in the gastroin-
testinal tract and relieve intestinal inflammation caused by pathogenic bacteria infec-
tion [20]. EHEC O157: H7 generally enters the body through oral administration and
acts on the intestinal tract to cause infection. The Shiga toxin and LPS secreted by EHEC
O157:H7 can cause intense intestinal inflammation, which promotes the expression of
pro-inflammatory factors such as IL-1β, IL-6, and TNF-α. In our study, we found that
P. pentosaceus IM96 could significantly reduce the expression of pro-inflammatory fac-
tors including IL-1β, IL-6, and TNF-α, but increase the anti-inflammatory factor IL-10 in
the jejunum of EHEC O157:H7-infected mice. Consistent with this finding, a previous
study showed that Lactiplantibacillus plantarum CCFM1143 treatments could significantly
down-regulated TNF-α and IL-6, but up-regulated IL-10 in Enterotoxigenic Escherichia coli-
infected mice [21].

The intestinal epithelial barrier is essential for normal physiological function. An
impaired epithelial barrier can lead to intestinal diseases, such as intestinal pathogen
infection, inflammatory bowel disease, obesity, and irritable bowel syndrome [22]. The
function of the intestinal barrier largely depends on the mucus layer and TJ proteins [23,24].
The mucus layer is predominantly composed of mucins and intestinal goblet cells. Intestinal
goblet cells could secrete mucins that are mainly formed by MUC-2 [25]. Mucins restrict the
entry of pathogens by providing a physical-chemical barrier, giving considerable protection
to epithelial cells to against pathogens and ensuring integrity of the mucus layer [25,26].
Previous studies suggested that EHEC O157:H7 infection could damage the intact mucus
layer and reduce the expression of mucins in the intestine [27,28]. Consistent with these
findings, we found that EHEC O157: H7 infection could greatly decrease the concentration
of MUC-2 and the number of goblet cells in the jejunum, but the intake of P. pentosaceus
IM96 could significantly increase the production of MUC-2 and the number of goblet
cells in the jejunum of EHEC O157:H7-infected mice. A previous study showed that
Lacticaseibacillus casei LC2W could increase the expression of MUC-2 at the gene level in
EHEC O157: H7-infected mice [29].

TJ proteins, consisted of transmembrane proteins, are located at the top of intestinal
epithelial cells [30]. ZO-1 and Occludin are important TJ proteins in intestinal epithelial
cells [31]. TJ proteins form a semi-permeable barrier that can limit the admittance of
harmful substances, playing an important role in maintaining the permeability of the
intestinal epithelial barrier [27]. Orally administered EHEC O157:H7 could decrease the
expression of TJ proteins, damage the epithelial barrier, and increase the permeability of
the intestine [32]. In our study, we found that P. pentosaceus IM96 could relieve the EHEC
O157:H7-induced epithelial barrier disruption and increase the concentration of Occludin
and ZO-1 in the jejunum. Consistent with this finding, a previous study showed that
Bifidobacterium infantis could increase the expression of ZO-1 and Occludin in T84 cells [33].
Additionally, Limosilactobacillus frumenti could significantly improve the intestinal mucosal
integrity by up-regulating tight junction proteins including ZO-1, Occludin, and Claudin-1
in early-weaned piglets [34].

SCFAs are the primary metabolites produced by the anaerobic fermentation of in-
testinal microbiota, which function as an important part in maintaining human health
maintaining human health and intestinal homeostasis [35]. SCFAs can resist the invasion
of harmful bacteria by regulating the intestinal microbiota and lowering the pH in the
intestine [36]. Also, SCFAs exhibit antioxidant, anti-cancer, and anti-inflammatory activi-
ties, and play an important role in maintaining digestion and immune balance [35]. In our
research, P. pentosaceus IM96 effectively improved the reduction of SCFAs caused by EHEC
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infection. P. pentosaceus IM96 increased the concentration of acetic acid, propionic acid and
butyric acid compared with that in the EHEC group and norfloxacin group. These results
indicated that P. pentosaceus IM96 might exert a protective effect by increasing the content
of SCFAs in the intestine.

Probiotics can regulate the intestinal microbiota and maintain the structure of the
intestinal community in a balance [37,38]. The results of alpha diversity suggested that
P. pentosaceus IM96 increased the overall diversity and richness of the cecal microbiota in the
mice. NMDS demonstrated that P. pentosaceus IM96 could enhance the stability of intestinal
microbiota which were closer to the control group than the norfloxacin group. At the phyla
level, P. pentosaceus IM96 intervention could increase abundance of Firmicutes, but decrease
the level of Bacteroides. LEfSe is used to reveal statistically different biomarkers between
different groups. According to the linear discriminant analysis (LDA) score histogram at
the family level, compared with the EHEC group, the dominant species in the IM96 group
was Lachnospiraceae, Lactobacillaceae, and Mogibacteriaceae, while Corynebacteriaceae,
Rikenellaceae, and Staphylococcaceae was significantly reduced. As desirable probiotics,
Lachnospiraceae can improve the digestive capacity and protect humans from colon cancer,
since many species in this family are related to the production of butyric acid [39,40]. Addi-
tionally, Lachnospiraceae are negatively correlated with pro-inflammatory factor IL-6 [41].
As we have known, Lactobacillaceae are generally considered as beneficial bacteria that
can regulate the intestinal tract and inhibit the proliferation of pathogenic bacteria. Further-
more, Lactobacillaceae are reported to improve the anti-inflammatory ability in high-fat
mice [42]. Mogibacteriaceae have been reported to be associated with high-frequency bowel
movements and lean body characteristics [43]. In addition, the abundance of Mogibac-
teriaceae were highly positive with the higher level of HDL, that can reduce BMI and
regulate hyperlipidemia [44]. Corynebacteriaeae were reported as harmful bacteria and
associated with diarrhea in Escherichia coli-induced mice. Lactobacillus administration could
improve microbial community structure and attenuate Escherichia coli-induced diarrhea by
decreasing the relative abundance of Corynebacterium [45]. Staphylococcaceae are believed
to be pathogens or opportunistic pathogens. Probiotic supplementation can reduce the
relative abundance of Staphylococcaceae [46]. Hence, P. pentosaceus IM96 is capable of
selectively elevating the abundance of beneficial bacteria and decreasing the prevalence
of pathogens, these results suggested the beneficial effect of P. pentosaceus IM96 functions
through regulating the intestinal microbiota. In addition, the results of the correlation
analysis of environmental factors showed that Mogibacteriaceae were positively correlated
with Occludin, IL-10, and MUC-2, while Rikenellaceae, Corynebacteriaceae, and Staphylo-
coccaceae were all positively correlated with IL-6 and TNF-α. These results suggested that
Mogibacteriaceae, the dominant species in the IM96 group, could have functions including
producing anti-inflammatory effects and enhancing the intestinal epithelial barrier.

In this study, although P. pentosaceus IM96 and norfloxacin have similar effects in
regulating intestinal inflammation, epithelial barrier function, and intestinal microbiota,
we found that norfloxacin could reduce the concentrations of SCFAs such as acetic acid,
propionic acid and butyric acid in the colon compared with the IM96 group. Additionally,
as antibiotics can cause resistance to intestinal bacteria, gastrointestinal discomfort and
destruction of intestinal microbiota, the use of probiotics to prevent and control pathogenic
infections has attracted more attention due to its mitigated side effects and safety. The
results suggested that P. pentosaceus IM96 might be an alternative therapy to the antibiotic
in terms of treatment of EHEC O157:H7.

5. Conclusions

P. pentosaceus IM96 exerts protective effects against EHEC O157:H7 by relieving intesti-
nal inflammation, strengthening the intestinal barrier function, and regulating the intestinal
microbiota in infected female mice. Given the in vitro and in vivo effects of P. pentosaceus
IM96, this bacterium might be used as a potential probiotic and antibacterial agent, and
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has a promising application prospect in the prevention and treatment of EHEC O157:H7
infection in the future.
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P. pentosaceus IM96 increased the alpha diversity of intestinal microbiota.

Author Contributions: H.L.: conceptualization, data curation, formal analysis, investigation, method-
ology, writing—original draft, writing–review and editing. X.X.: conceptualization, formal analysis,
investigation, methodology, writing—review and editing. Y.L.: conceptualization, formal analysis,
investigation, methodology. M.C.: conceptualization, formal analysis, methodology, writing—review
and editing. L.X.: conceptualization, formal analysis, investigation, methodology. J.W.: conceptual-
ization, formal analysis, investigation, methodology. J.Z.: conceptualization, methodology, resources,
writing—review and editing, funding acquisition. S.W.: methodology, investigation. Q.Y.: method-
ology, investigation. S.Z.: methodology, investigation. R.Y.: methodology, investigation. H.Z.:
methodology, investigation. L.W.: methodology, investigation. T.L.: methodology, investigation.
Y.D.: conceptualization, formal analysis, methodology, writing—review and editing, supervision,
validation. Q.W.: conceptualization, methodology, writing—review and editing, resources, funding
acquisition, supervision, validation. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was jointly supported by research grants from the Key-Area Research and
Development Program of Guangdong Province (2018B020205002), Project by the Department of
Science and Technology of Guangdong Province (2019QN01N107), Key Laboratory of Guangdong
Province (2020B121201009), the Guangdong Province Academy of Sciences Special Project for Capac-
ity Building of Innovation Driven Development (2020GDASYL-20200301002).

Institutional Review Board Statement: The study was approved by the Institutional Animal
Care and Ethics Committee of Institute of Microbiology, Guangdong Academy of sciences (GT-
IACUC202009252) and followed the standard guidelines for maintenance.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The authors declare that all of the data and the material used in this
study are available within this article. All data generated or analyzed in this study can be obtained
from the authors upon reasonable request.

Conflicts of Interest: The authors declare no competing interests.

References
1. Pennington, H. Escherichia coli O157. Lancet 2010, 376, 1428–1435. [CrossRef]
2. Browne, A.J.; Kashef Hamadani, B.H.; Kumaran, E.A.P.; Rao, P.; Longbottom, J.; Harriss, E.; Moore, C.E.; Dunachie, S.; Basnyat, B.;

Baker, S.; et al. Drug-resistant enteric fever worldwide, 1990 to 2018: A systematic review and meta-analysis. BMC Med. 2020,
18, 1. [CrossRef] [PubMed]

3. European Food Safety Authority; European Centre for Disease Prevention and Control. The European Union Summary Report
on Antimicrobial Resistance in zoonotic and indicator bacteria from humans, animals and food in 2017/2018. EFSA J. 2020,
18, e06007. [CrossRef]

4. Hossain, M.I.; Sadekuzzaman, M.; Ha, S.D. Probiotics as potential alternative biocontrol agents in the agriculture and food
industries: A review. Food Res. Int. 2017, 100, 63–73. [CrossRef] [PubMed]

5. Van Zyl, W.F.; Deane, S.M.; Dicks, L.M.T. Molecular insights into probiotic mechanisms of action employed against intestinal
pathogenic bacteria. Gut Microbes 2020, 12, 1831339. [CrossRef] [PubMed]

6. Piewngam, P.; Zheng, Y.; Nguyen, T.H.; Dickey, S.W.; Joo, H.S.; Villaruz, A.E.; Glose, K.A.; Fisher, E.L.; Hunt, R.L.; Li, B.; et al.
Pathogen elimination by probiotic Bacillus via signalling interference. Nature 2018, 562, 532–537. [CrossRef]

7. Drolia, R.; Amalaradjou, M.A.R.; Ryan, V.; Tenguria, S.; Liu, D.; Bai, X.; Xu, L.; Singh, A.K.; Cox, A.D.; Bernal-Crespo, V.; et al.
Receptor-targeted engineered probiotics mitigate lethal Listeria infection. Nat. Commun. 2020, 11, 6344. [CrossRef]

8. Dobrogosz, W.J.; Stone, R.W. Oxidative metabolism in Pediococcus pentosaceus. II. Factors controlling the formation of oxidative
activities. J. Bacteriol. 1962, 84, 724–729. [CrossRef]

9. Jiang, S.; Cai, L.; Lv, L.; Li, L. Pediococcus pentosaceus, a future additive or probiotic candidate. Microb. Cell Fact. 2021,
20, 45. [CrossRef]

https://www.mdpi.com/article/10.3390/foods10122945/s1
https://www.mdpi.com/article/10.3390/foods10122945/s1
http://doi.org/10.1016/S0140-6736(10)60963-4
http://doi.org/10.1186/s12916-019-1443-1
http://www.ncbi.nlm.nih.gov/pubmed/31898501
http://doi.org/10.2903/j.efsa.2020.6007
http://doi.org/10.1016/j.foodres.2017.07.077
http://www.ncbi.nlm.nih.gov/pubmed/28873730
http://doi.org/10.1080/19490976.2020.1831339
http://www.ncbi.nlm.nih.gov/pubmed/33112695
http://doi.org/10.1038/s41586-018-0616-y
http://doi.org/10.1038/s41467-020-20200-5
http://doi.org/10.1128/jb.84.4.724-729.1962
http://doi.org/10.1186/s12934-021-01537-y


Foods 2021, 10, 2945 15 of 16

10. De Azevedo, P.O.S.; Mendonca, C.M.N.; Seibert, L.; Dominguez, J.M.; Converti, A.; Gierus, M.; Oliveira, R.P.S. Bacteriocin-like
inhibitory substance of Pediococcus pentosaceus as a biopreservative for Listeria sp. control in ready-to-eat pork ham. Braz. J.
Microbiol. 2020, 51, 949–956. [CrossRef]

11. Ladha, G.; Jeevaratnam, K. Characterization of purified antimicrobial peptide produced by Pediococcus pentosaceus LJR1, and its
application in preservation of white leg shrimp. World J. Microbiol. Biotechnol. 2020, 36, 72. [CrossRef]

12. Reuben, R.C.; Roy, P.C.; Sarkar, S.L.; Alam, R.U.; Jahid, I.K. Isolation, characterization, and assessment of lactic acid bacteria
toward their selection as poultry probiotics. BMC Microbiol. 2019, 19, 253. [CrossRef] [PubMed]

13. Bajpai, V.K.; Han, J.H.; Rather, I.A.; Park, C.; Lim, J.; Paek, W.K.; Lee, J.S.; Yoon, J.I.; Park, Y.H. Characterization and Antibacterial
Potential of Lactic Acid Bacterium Pediococcus pentosaceus 4I1 Isolated from Freshwater Fish Zacco koreanus. Front. Microbiol.
2016, 7, 2037. [CrossRef]

14. Cui, X.; Shi, Y.; Gu, S.; Yan, X.; Chen, H.; Ge, J. Antibacterial and Antibiofilm Activity of Lactic Acid Bacteria Isolated from
Traditional Artisanal Milk Cheese from Northeast China Against Enteropathogenic Bacteria. Probiotics Antimicrob. Proteins 2018,
10, 601–610. [CrossRef]

15. Chen, D.; Chen, G.; Wan, P.; Hu, B.; Chen, L.; Ou, S.; Zeng, X.; Ye, H. Digestion under saliva, simulated gastric and small intestinal
conditions and fermentation in vitro of polysaccharides from the flowers of Camellia sinensis induced by human gut microbiota.
Food Funct. 2017, 8, 4619–4629. [CrossRef]

16. Zakrzewski, M.; Proietti, C.; Ellis, J.J.; Hasan, S.; Brion, M.J.; Berger, B.; Krause, L. Calypso: A user-friendly web-server for mining
and visualizing microbiome-environment interactions. Bioinformatics 2017, 33, 782–783. [CrossRef]

17. Tsai, Y.T.; Cheng, P.C.; Pan, T.M. Immunomodulating activity of Lactobacillus paracasei subsp. paracasei NTU 101 in enterohemor-
rhagic Escherichia coli O157H7-infected mice. J. Agric. Food Chem. 2010, 58, 11265–11272. [CrossRef] [PubMed]

18. Takahashi, M.; Taguchi, H.; Yamaguchi, H.; Osaki, T.; Komatsu, A.; Kamiya, S. The effect of probiotic treatment with Clostridium bu-
tyricum on enterohemorrhagic Escherichia coli O157: H7 infection in mice. FEMS Immunol. Med. Mic. 2004, 41, 219–226. [CrossRef]

19. Bao, C.L.; Liu, S.Z.; Shang, Z.D.; Liu, Y.J.; Wang, J.; Zhang, W.X.; Dong, B.; Cao, Y.H. Bacillus amyloliquefaciens TL106 protects mice
against enterohemorrhagic Escherichia coli O157:H7 induced intestinal disease through improving immune response, intestinal
barrier function and gut microbiota. J. Appl. Microbiol. 2020, 131, 470–484. [CrossRef] [PubMed]

20. Llewellyn, A.; Foey, A. Probiotic Modulation of Innate Cell Pathogen Sensing and Signaling Events. Nutrients 2017,
9, 1156. [CrossRef]

21. Yue, Y.; He, Z.; Zhou, Y.; Ross, R.P.; Stanton, C.; Zhao, J.; Zhang, H.; Yang, B.; Chen, W. Lactobacillus plantarum relieves diarrhea
caused by enterotoxin-producing Escherichia coli through inflammation modulation and gut microbiota regulation. Food Funct.
2020, 11, 10362–10374. [CrossRef]

22. Khaneghah, A.M.; Abhari, K.; Es, I.; Soares, M.B.; Oliveira, R.B.A.; Hosseini, H.; Rezaei, M.; Balthazar, C.F.; Silva, R.;
Cruz, A.G.; et al. Interactions between probiotics and pathogenic microorganisms in hosts and foods: A review. Trends Food Sci.
Technol. 2020, 95, 205–218. [CrossRef]

23. Lee, S.H. Intestinal permeability regulation by tight junction: Implication on inflammatory bowel diseases. Intest. Res 2015, 13,
11–18. [CrossRef] [PubMed]

24. Johansson, M.E.V.; Hansson, G.C. Keeping Bacteria at a Distance. Science 2011, 334, 182–183. [CrossRef] [PubMed]
25. Corfield, A.P.; Myerscough, N.; Longman, R.; Sylvester, P.; Arul, S.; Pignatelli, M. Mucins and mucosal protection in the

gastrointestinal tract: New prospects for mucins in the pathology of gastrointestinal disease. Gut 2000, 47, 589–594. [CrossRef]
26. Wan, M.L.Y.; Forsythe, S.J.; El-Nezami, H. Probiotics interaction with foodborne pathogens: A potential alternative to antibiotics

and future challenges. Crit. Rev. Food Sci. 2019, 59, 3320–3333. [CrossRef]
27. Yi, H.B.; Hu, W.Y.; Chen, S.; Lu, Z.Q.; Wang, Y.Z. Cathelicidin-WA Improves Intestinal Epithelial Barrier Function and Enhances

Host Defense against Enterohemorrhagic Escherichia coli O157: H7 Infection. J. Immunol. 2017, 198, 1696–1705. [CrossRef]
28. Zhang, H.W.; Hua, R.; Zhang, B.X.; Guan, Q.F.; Zeng, J.F.; Wang, X.M.; Wang, B.B. Oral Administration of Bovine Lactoferrin-

Derived Lactoferricin (Lfcin) B Could Attenuate Enterohemorrhagic Escherichia coli 0157:H7 Induced Intestinal Disease through
Improving Intestinal Barrier Function and Microbiota. J. Agric. Food Chem. 2019, 67, 3932–3945. [CrossRef]

29. Wang, G.Q.; Zhang, Y.; Song, X.; Xia, Y.J.; Lai, P.F.H.; Ai, L.Z. Lactobacillus casei LC2W can inhibit the colonization of Escherichia
coli O157:H7 in vivo and reduce the severity of colitis. Food Funct. 2019, 10, 5843–5852. [CrossRef] [PubMed]

30. La Fata, G.; Weber, P.; Mohajeri, M.H. Probiotics and the Gut Immune System: Indirect Regulation. Probiotics Antimicrob. Proteins
2018, 10, 11–21. [CrossRef]

31. Ohland, C.L.; MacNaughton, W.K. Probiotic bacteria and intestinal epithelial barrier function. Am. J. Physiol.-Gastr. L. 2010, 298,
G807–G819. [CrossRef]

32. Johnson-Henry, K.C.; Donato, K.A.; Shen-Tu, G.; Gordanpour, M.; Sherman, P.M. Lactobacillus rhamnosus strain GG pre-
vents enterohemorrhagic Escherichia coli O157:H7-induced changes in epithelial barrier function. Infect. Immun. 2008, 76,
1340–1348. [CrossRef] [PubMed]

33. Ewaschuk, J.B.; Diaz, H.; Meddings, L.; Diederichs, B.; Dmytrash, A.; Backer, J.; Looijer-van Langen, M.; Madsen, K.L. Secreted
bioactive factors from Bifidobacterium infantis enhance epithelial cell barrier function. Am. J. Physiol. Gastrointest. Liver Physiol.
2008, 295, G1025–G1034. [CrossRef]

34. Hu, J.; Chen, L.; Zheng, W.; Shi, M.; Liu, L.; Xie, C.; Wang, X.; Niu, Y.; Hou, Q.; Xu, X.; et al. Lactobacillus frumenti Facilitates
Intestinal Epithelial Barrier Function Maintenance in Early-Weaned Piglets. Front Microbiol. 2018, 9, 897. [CrossRef]

http://doi.org/10.1007/s42770-020-00245-w
http://doi.org/10.1007/s11274-020-02847-w
http://doi.org/10.1186/s12866-019-1626-0
http://www.ncbi.nlm.nih.gov/pubmed/31718570
http://doi.org/10.3389/fmicb.2016.02037
http://doi.org/10.1007/s12602-017-9364-9
http://doi.org/10.1039/C7FO01024A
http://doi.org/10.1093/bioinformatics/btw725
http://doi.org/10.1021/jf103011z
http://www.ncbi.nlm.nih.gov/pubmed/20942489
http://doi.org/10.1016/j.femsim.2004.03.010
http://doi.org/10.1111/jam.14952
http://www.ncbi.nlm.nih.gov/pubmed/33289241
http://doi.org/10.3390/nu9101156
http://doi.org/10.1039/D0FO02670K
http://doi.org/10.1016/j.tifs.2019.11.022
http://doi.org/10.5217/ir.2015.13.1.11
http://www.ncbi.nlm.nih.gov/pubmed/25691839
http://doi.org/10.1126/science.1213909
http://www.ncbi.nlm.nih.gov/pubmed/21998374
http://doi.org/10.1136/gut.47.4.589
http://doi.org/10.1080/10408398.2018.1490885
http://doi.org/10.4049/jimmunol.1601221
http://doi.org/10.1021/acs.jafc.9b00861
http://doi.org/10.1039/C9FO01390C
http://www.ncbi.nlm.nih.gov/pubmed/31464316
http://doi.org/10.1007/s12602-017-9322-6
http://doi.org/10.1152/ajpgi.00243.2009
http://doi.org/10.1128/IAI.00778-07
http://www.ncbi.nlm.nih.gov/pubmed/18227169
http://doi.org/10.1152/ajpgi.90227.2008
http://doi.org/10.3389/fmicb.2018.00897


Foods 2021, 10, 2945 16 of 16

35. Ranjbar, R.; Vahdati, S.N.; Tavakoli, S.; Khodaie, R.; Behboudi, H. Immunomodulatory roles of microbiota-derived short-chain
fatty acids in bacterial infections. Biomed. Pharmacother. 2021, 141, 111817. [CrossRef] [PubMed]

36. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Backhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as
Key Bacterial Metabolites. Cell 2016, 165, 1332–1345. [CrossRef]

37. Wang, G.; Huang, S.; Cai, S.; Yu, H.; Wang, Y.; Zeng, X.; Qiao, S. Lactobacillus reuteri Ameliorates Intestinal Inflammation
and Modulates Gut Microbiota and Metabolic Disorders in Dextran Sulfate Sodium-Induced Colitis in Mice. Nutrients 2020,
12, 2298. [CrossRef]

38. George Kerry, R.; Patra, J.K.; Gouda, S.; Park, Y.; Shin, H.S.; Das, G. Benefaction of probiotics for human health: A review. J. Food
Drug Anal. 2018, 26, 927–939. [CrossRef]

39. Meehan, C.J.; Beiko, R.G. A phylogenomic view of ecological specialization in the Lachnospiraceae, a family of digestive
tract-associated bacteria. Genome Biol. Evol. 2014, 6, 703–713. [CrossRef] [PubMed]

40. Biddle, A.; Stewart, L.; Blanchard, J.; Leschine, S. Untangling the Genetic Basis of Fibrolytic Specialization by Lachnospiraceae
and Ruminococcaceae in Diverse Gut Communities. Diversity 2013, 5, 627–640. [CrossRef]

41. Zou, Y.; Wang, J.; Wang, Y.; Peng, B.; Liu, J.; Zhang, B.; Lv, H.; Wang, S. Protection of Galacto-Oligosaccharide against E. coli O157
Colonization through Enhancing Gut Barrier Function and Modulating Gut Microbiota. Foods 2020, 9, 1710. [CrossRef]

42. Ojo, B.A.; O’Hara, C.; Wu, L.; El-Rassi, G.D.; Ritchey, J.W.; Chowanadisai, W.; Lin, D.; Smith, B.J.; Lucas, E.A. Wheat Germ
Supplementation Increases Lactobacillaceae and Promotes an Anti-inflammatory Gut Milieu in C57BL/6 Mice Fed a High-Fat,
High-Sucrose Diet. J. Nutr. 2019, 149, 1107–1115. [CrossRef]

43. Oki, K.; Toyama, M.; Banno, T.; Chonan, O.; Benno, Y.; Watanabe, K. Comprehensive analysis of the fecal microbiota of
healthy Japanese adults reveals a new bacterial lineage associated with a phenotype characterized by a high frequency of bowel
movements and a lean body type. BMC Microbiol. 2016, 16, 284. [CrossRef] [PubMed]

44. Fu, J.; Bonder, M.J.; Cenit, M.C.; Tigchelaar, E.F.; Maatman, A.; Dekens, J.A.; Brandsma, E.; Marczynska, J.; Imhann, F.; Weersma,
R.K.; et al. The Gut Microbiome Contributes to a Substantial Proportion of the Variation in Blood Lipids. Circ. Res. 2015, 117,
817–824. [CrossRef] [PubMed]

45. Dong, H.; Liu, B.; Li, A.; Iqbal, M.; Mehmood, K.; Jamil, T.; Chang, Y.F.; Zhang, H.; Wu, Q. Microbiome Analysis Reveals the
Attenuation Effect of Lactobacillus from Yaks on Diarrhea via Modulation of Gut Microbiota. Front. Cell Infect. Microbiol. 2020, 10,
610781. [CrossRef] [PubMed]

46. Marti, M.; Spreckels, J.E.; Ranasinghe, P.D.; Wejryd, E.; Marchini, G.; Sverremark-Ekstrom, E.; Jenmalm, M.C.; Abrahamsson,
T. Effects of Lactobacillus reuteri supplementation on the gut microbiota in extremely preterm infants in a randomized placebo-
controlled trial. Cell Rep. Med. 2021, 2, 100206. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biopha.2021.111817
http://www.ncbi.nlm.nih.gov/pubmed/34126349
http://doi.org/10.1016/j.cell.2016.05.041
http://doi.org/10.3390/nu12082298
http://doi.org/10.1016/j.jfda.2018.01.002
http://doi.org/10.1093/gbe/evu050
http://www.ncbi.nlm.nih.gov/pubmed/24625961
http://doi.org/10.3390/d5030627
http://doi.org/10.3390/foods9111710
http://doi.org/10.1093/jn/nxz061
http://doi.org/10.1186/s12866-016-0898-x
http://www.ncbi.nlm.nih.gov/pubmed/27894251
http://doi.org/10.1161/CIRCRESAHA.115.306807
http://www.ncbi.nlm.nih.gov/pubmed/26358192
http://doi.org/10.3389/fcimb.2020.610781
http://www.ncbi.nlm.nih.gov/pubmed/33665171
http://doi.org/10.1016/j.xcrm.2021.100206
http://www.ncbi.nlm.nih.gov/pubmed/33763652

	Introduction 
	Materials and Methods 
	Strains, Cultures and Growth Environment 
	Antibacterial Ability Evaluation 
	Animals and Grouping 
	Intestinal Morphology Observation 
	Elisa 
	Periodic Acid–Schiff (PAS) Staining 
	Immunohistochemistry 
	Quantification of SCFAs 
	Intestinal Microbiota Analysis 
	Statistical Analysis 

	Results 
	Antibacterial Activity of P. pentosaceus IM96 
	P. pentosaceus IM96 Improved the Survival Rate and Body Weight of EHEC O157:H7-Infected Mice 
	P. pentosaceus IM96 Alleviated Intestinal Damage Caused by EHEC O157:H7 Infection 
	P. pentosaceus IM96 Ameliorated EHEC O157:H7-Induced Intestinal Inflammation 
	P. pentosaceus IM96 Restored the Intestinal Epithelial Barrier Function 
	P. pentosaceus IM96 Restored the Concentration of SCFAs in EHEC O157:H7-Infected Mice 
	P. pentosaceus IM96 Regulated Intestinal Microbiota Disruption Caused by EHEC O157:H7 

	Discussion 
	Conclusions 
	References

