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Abstract: Bacillus cereus, considered a worldwide human food-borne pathogen, has brought serious
health risks to humans and animals and huge losses to animal husbandry. The plethora of diverse
toxins and drug resistance are the focus for B. cereus. As an alternative treatment to antibiotics,
probiotics can effectively alleviate the hazards of super bacteria, food safety, and antibiotic resistance.
This study aimed to investigate the frequency and distribution of B. cereus in dairy cows and to
evaluate the effects of Lactobacillus rhamnosus in a model of endometritis induced by multi-drug-
resistant B. cereus. A strong poisonous strain with a variety of drug resistances was used to establish
an endometrial epithelial cell infection model. B. cereus was shown to cause damage to the internal
structure, impair the integrity of cells, and activate the inflammatory response, while L. rhamnosus
could inhibit cell apoptosis and alleviate this damage. This study indicates that the B. cereus-induced
activation of the NLRP3 signal pathway involves K+ efflux. We conclude that LGR-1 may relieve cell
destruction by reducing K+ efflux to the extracellular caused by the perforation of the toxins secreted
by B. cereus on the cell membrane surface.

Keywords: Bacillus cereus; probiotics; multidrug resistance; inflammasome; K+ efflux

1. Introduction

Bacillus cereus is a Gram-positive, endospore-forming, quiet soil dweller that thrives
in a diversity of habitats or as part of the intestinal flora of different animals, or is widely
distributed in natural environments and frequently found in foods, especially dairy prod-
ucts, and even persists in host epithelial cells [1–7], which can secrete several different
bacterial toxins, including non-hemolytic enterotoxin (NHE), hemolysin BL (HBL), cyto-
toxin K (CytK), and metalloprotease immune inhibitor A (InhA). Moreover, B. cereus has a
high isolation rate in dairy cows suffering from endometritis in China, which is often an
aggravated infection involving isolation with pathogenic bacteria such as Escherichia coli,
Trueperella pyogenes, Fusobacterium necrophorum, Prevotella, Streptococcus, and Staphylococcus
species [8,9]. Most toxins of B. cereus belong to the family of pore-forming toxins (PFTs);
among them, NHE and HBL are similar to the well-known cytolysin A (ClyA) of the
α-PFT family, while CytK and hemolysins are members of the β-PFT family [10,11]. It is of
particular concern for the food industry, as it causes food safety issues due to the formation
of spores, biofilms, and diarrhea and/or emetic toxins [12]. As a common and ubiquitous
food-borne pathogen, the presence of B. cereus and its virulence factors in dairy products
may cause food poisoning and other serious diseases [13]. Previous studies have provided
evidence that the HBL, NHE, and CytK cytotoxins are the main virulence factors in B. cereus
related to the cause of diseases. However, their roles and process of damage are still un-
known. Furthermore, B. cereus appears to contain many protease, peptide, and amino-acid
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transporter genes [11]. These observations indicate that B. cereus is better adapted to a
protein diet, and animal tissues seem to provide a primary source of nutrients for it [14].

Antibiotic therapy is still the main method of clinical treatment of B. cereus infection.
However, antibiotic abuse or acquisition of resistance genes through horizontal gene
transfer are the main reasons for the emergence of antibiotic-resistant B. cereus strains [15,16],
which can lead to a decrease in, or even the disappearance of, the therapeutic effect of some
antibiotics [17,18]. In particular, the emergence of multidrug-resistant strains increases
the chance of infection [19]. The consequences are unimaginable if antibiotic treatment is
completely invalid. Hence, a detailed and effective investigation has to be conducted to
raise the knowledge regarding antibiotic alternatives to treat B. cereus infection.

As a substitute for antibiotics, probiotics have a wide range of applications in treating
animal diseases caused by bacterial infection. A large proportion of pathogenic bacteria
secrete virulence genes mediating adhesion and colonization, by which the colonization of
pathogenic bacteria on host cells or tissues is usually the initiation of infection. Lactobacillus
can reduce pathogen adhesion to epithelial cells and exert direct antimicrobial activity
due to the accumulation of antimicrobial substances [20]. The pretreatment of pregnant
CD-1 mice with L. rhamnosus GR-1 culture supernatant decreases the lipopolysaccharide
(LPS)-induced production of various cytokines and chemokines [21]. Lactobacillus rhamnosus
GR-1, isolated from the healthy female urethra, is used to prevent urinary tract infections,
preterm birth, and bacterial vaginosis [22]. Probiotics are live microorganisms that, when
administrated in adequate amounts, confer a health benefit to the host [23]. The inhibitory
effects of probiotics on Gram-negative bacteria have been studied a lot, but few studies have
reported whether probiotics also have limited effects on Gram-positive bacteria, making
research on Gram-positive bacteria even more essential.

Our objectives were to explore the mechanisms of B. cereus involved in causing damage
to cells and to evaluate the ability of L. rhamnosus to alleviate cell damage induced by
a strong virulent and multi-drug-resistant, clinically isolated B. cereus. In the present
study, we show that L. rhamnosus GR-1 affects the disturbance of inflammatory proteins by
regulating the NLR family pyrin domain containing 3 (NLRP3) pathway and preserves cell
morphology and structure by increasing tight junction proteins and inhibiting apoptosis
in bovine endometrial cells infected by B. cereus. We propose that Lactobacillus rhamnosus
has an efficacious effect on alleviating the cell damage induced by the greatly virulent and
multi-drug-resistant B. cereus. Our results indicate that L. rhamnosus GR-1 can be a potential
alternative to antibiotics to treat uterine bacterial infection.

2. Materials and Methods
2.1. Biosecurity Statement

Clinical isolates of Bacillus cereus were treated strictly in accordance with the State
Council of the People’s Republic of China regulations on the biological safety of pathogen
microbiology laboratories (000014349/2004-00195). All necessary, safe operations were
conducted to avoid pathogen transmission and infection.

2.2. Clinical Isolates of B. cereus Culture and Sequencing

All 39 clinical B. cereus strains were collected and isolated from the uterine lavage
fluid of dairy cows between postpartum days 21 to 28 from three different dairy farms in
northern China. The animals were aged between two and five years old, and the average
parity was 2.5. There was no application of antibiotic treatment before the sample collection
for any dairy cow. The uterine lavage fluid was evenly vortexed and diluted 10 times
with normal saline. The original lavage fluid solution and the dilution were evenly spread
on 5% sheep blood plates, which were incubated upside down in a 37 ◦C incubator for
12 h. Each concentration was duplicated. Preliminary screening was carried out according
to the colony morphology characteristics and the presence of hemolysis loops. A single
colony was cultivated on a new blood plate using an inoculating loop with the three-
dimensional line method. After incubating at 37 ◦C for 12 h, a purified single colony was
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incubated in Luria–Bertani (LB) broth (Aobox, Beijing, China) for 12 h until the bacterial
liquid became turbid.

The overnight cultured bacterial liquid DNA was extracted with a TIANamp bacterial
DNA kit (DP302, TIANGEN, Beijing, China), and PCR (Applied biosystems, 9902, Waltham,
MA, USA) amplification was performed using 16S gene primers (F: AACTGGAGGAAG-
GTGGGGAT, R: AGGAGGTGATCCAACCGCA). The PCR products were sent to Beijing
Tianyi Huiyuan Biotechnology Co., Ltd. for sequencing. The sequencing results were
compared and analyzed using the BLAST program (National Center for Biotechnology
Information, Bethesda, MD, USA), and BC1908 was selected for the following experiments.

2.3. Determination of MIC

The Minimum Inhibitory Concentration (MIC) of B. cereus (BC1908) was determined
by the broth microdilution method, and Staphylococcus aureus ATCC 29213 was used as
the quality control reference. The test was operated strictly according to performance
standards for antimicrobial susceptibility testing M100-S28 of the clinical and laboratory
standards institute (CLSI). The MIC results for ampicillin, amoxicillin, azithromycin, ce-
fazolin, enrofloxacin, gentamicin, kanamycin, streptomycin, and tetracycline were taken
from three independent repetitions per trial. The isolates were defined as “susceptible,”
“intermediate,” or “resistant” based on the MIC for each antimicrobial agent.

2.4. BC1908 De Novo Sequencing

According to the above method, the DNA of BC1908 was extracted and sent to Beijing
Saimo Lily Biotechnology Co., Ltd. for de novo sequencing to analyze the virulence genes
and drug resistance genes.

2.5. Virulence Gene Testing

After the bacterial DNA was extracted according to the above method, the virulence
gene primers (Table 1) were used for PCR virulence gene detection. PCR products were
analyzed via 1% agarose gel electrophoresis for 30 min at 125 V in 1× Tris–acetate–EDTA
buffer, stained with ethidium bromide, and photographed under UV transillumination.

Table 1. The sequencing of virulence gene primers.

Gene Name Primer Sequences (5′–3′) Fragment Size (bp)

NHEA F CGGGATCCACGAGTTGCTTCATTCCTGTAAGC 1132
R CCCTCGAGTTAATGTACTTCAACGTTTGTAACGTAATCTTCAAAT

NHEB F CGGAATTCAATATTATGCCGGCTCATACGTATGCA 1162
R CCCTCGAGTTATGCTTTTTTCGTATCTACTACTTTAATATCTTC

NHEC F CGGAATTCATGCCGGCTCATACGTAT 1156
R CCCTCGAGTTATGCTTTTTTCGTATCTACTACTTTAATATCTTCA

HBLA F CGGGATCCGCAGTCATACCAATAGAAACTTTTGC 1351
R CCCTCGAGTCAGTTCATTATATTTTGTACTTTGTCTTTATACAC

HBLB F CGGAATTCTCACCAGTAACAACTTTTGCAAGTGAA 1072
R CCCTCGAGCTATTTTTGTGGAGTAACAGTTTCCACTTTT

HBLD F CGGGATCCGCATTTGCACAAGAAACGACCG 1156
R CCCTCGAGCTACTCCTGTTTAAAAGCAATATCTTTTGAAATGAA

HlyIII F CGGAATTCGCAATTACACATGGTATCGGTG 619
R CCCTCGAGTTATGCTGTAGGTAAGACATAAAAGAGTACA

inhA F CGGAATTCATGAGTGCTCCGTTAGCATATGCA 2344
R CCCTCGAGTTAACGTTTAATCCAAACAGCGCCTGC

hlyA F CGGAATTCGCCATTATGGCCGGACT 778
R CCCTCGAGTTATTCCCCTTTCCCTTTTTGTTTTAG

cytk F CGGAATTCCCTGCTACTTACGCTCAAAC 949
R CCCTCGAGTTATTTTTTCTCTACTAATTTCTTATTCTTCCAATCTAG

2.6. Bovine Endometrial Cell Culture

For the bovine endometrial cell (BEEC) culture, primary BEECs were obtained from
the uterine horn [22] and processed using the method previously described [24]. The BEECs
were cultured with Dulbecco’s Modified Eagle Medium/Ham’s F-12 medium (1:1) and
supplied with 10% heat-inactivated fetal horse serum, 1% penicillin, and streptomycin
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(Invitrogen, Carlsbad, CA, USA), respectively. After flowing evenly into cell flasks, the
BEECs were cultured at 37 ◦C in an incubator with a 5% CO2 atmosphere.

2.7. Lactobacillus rhamnosus GR-1 Culture

ATCC55826 was purchased from the American Type Culture Collection (Manassas,
VA, USA) and grown in De Man, Rogosa, and Sharpe (MRS) broth (Aobox, Beijing, China)
for 24 h at 37 ◦C under microaerophilic conditions [21]. LGR-1 was inoculated and grown in
fresh MRS broth for 8 h at 37 ◦C with a starting ratio of 1:100 after passing the mid-log phase.

2.8. Lactate Dehydrogenase Assay

To assay cell death under the different treatments examined, the lactate dehydrogenase
(LDH) levels were measured using an LDH Cytotoxicity Assay Kit (Beyotime Biotechnology,
Shanghai, China) according to the manufacturer’s instructions.

2.9. Western Blotting

Different treated BEECs (same as LDH) were lysed in 1 mL of lysis buffer, composed of
1 mL of RIPA buffer and 10 µL of phenylmethanesulfonyl fluoride (Solarbio, Beijing, China).
The resulting lysates were centrifuged at 13,000× g for 10 min at 4 ◦C to pellet the insoluble
material, and the supernatants were used for Western blot analysis. The following primary
antibodies were used: rabbit polyclonal anti-NLRP3 (1:1000 dilution, 19771-1-AP), rabbit
polyclonal anti-ASC (also known as apoptosis-associated speck-like protein containing
a caspase activation and recruitment domain; 1:500 dilution, 10500-1-AP) (ProteinTech
Group, Rosemont, IL, USA), rabbit polyclonal anti-Occludin (1:2000 dilution, ab216327)
(Abcam, Boston, MA, USA), mouse monoclonal anti-ZO-1 (1:1000 dilution, 66452-1-Ig),
rabbit polyclonal anti-BAX (1:4000 dilution, 50599-Ig), rabbit polyclonal anti-Bcl-2 (1:1000
dilution, 12789-1-AP), rabbit polyclonal anti-PARP (1:1000, 13371-1-AP), mouse monoclonal
anti-caspase-3 (1:1000 dilution, 66470-2-Ig), rabbit polyclonal anti-caspase 8 (1:1000 dilution,
13423-1-AP), rabbit polyclonal anti-caspase 9 (1:1000 dilution, 10380-1-AP) (ProteinTech
Group, Rosemont, IL, USA), rabbit polyclonal anti-FAS (a pro-apoptotic TNF receptor
(TNFR) superfamily member) (1:500, WL03376), rabbit polyclonal anti-SMAC (the second
mitochondria-derived activator of caspase) (1:500, WL0834), and rabbit polyclonal anti-
TNF-R1 (1:500, WL01414) (Wanlaibio, Shenyang, China). The mouse anti-β-actin (1:5000
dilution, 66009-1-Ig) was applied for verifying the equal sample loading. Horseradish
peroxidase-conjugated affinipure goat anti-mouse IgG (H+L) (1:5000 dilution, SA00001-
1) or goat anti-rabbit IgG (H+L) (1:5000 dilution, SA00001-2) were used as secondary
antibodies. Densitometric values of the Western blot images were obtained from three
independent experiments using ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The results are presented as the ratio of the NLRP3, ASC, Zonula Occludens-1
(ZO-1), Occludin, BCL-2-associated X apoptosis regulator (BAX), the B cell lymphoma 2
(Bcl-2), cleaved caspase-3, cleaved caspase-8, cleaved caspase-9, FAS, SMAC, or the tumor
necrosis factor receptor 1 (TNF-r1) band intensity to that of β-actin. For inhibition studies,
an increasing concentration of KCl at 5, 25, 50, and 75 mM (P5405, Sigma, Sanit Louis, MO,
USA) was added to BEECs 30 min before BC1908 stimulation. To activate the canonical
NLRP3 inflammasome as a control, BEECs were primed using 500 ng mL–1 ultrapure LPS
from E. coli (L4391, Sigma) for 4 h and stimulated with 5 mM ATP (A6419-1g, Sigma, Sanit
Louis, MO, USA) for 45 min.

2.10. Immunofluorescence

The BEECs were plated on glass coverslips in a 24-well flat-bottomed culture plate,
and the treated BEECs were washed with PBS three times, incubated with a mitochondrial
localization probe (200 nM Mito-Tracker Red CMXRos, Beyotime Biotechnology, C1049B)
according to the manufacturer’s instructions, and then fixed with 4% paraformaldehyde for
15 min on ice. The cells were rinsed three times with PBS and then incubated for 60 min in
a blocking solution (1 × PBS/5% goat serum/0.3% Triton X-100) to reduce the nonspecific
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background. After being washed with PBS three times, the cells were incubated with goat
anti-rabbit IgG (H+L) and FITC conjugate (TRANSGEN, Beijing, China) for 1 h at room
temperature and DAPI (Solarbio, Beijing, China) for 10 min at 37 ◦C. The cells were then
covered with a coverslip, and the edges were sealed to prevent drying. The cells were
observed and photographed using a Nikon Eclipse Ti-U inverted fluorescence microscope
equipped with a Nikon DS cooled camera head (Nikon, Hitachi, Tokyo, Japan).

2.11. Data Analysis

Statistical analysis was performed using Prism 7 (GraphPad Sofeware Inc., San Diego,
CA, USA). Qualitative data are expressed as mean ± standard error of mean value (SEM;
n = 3 or 6). One-way analysis of variance (ANOVA) was applied to analyze statistically sig-
nificant differences at p < 0.05, followed by Tukey’s post-hoc test with multiple comparisons
and a single pooled variance.

3. Results
3.1. Cell Cytotoxicity of B. cereus

Quantitative measurement of the LDH method was used to determine the cell death
rate after 3 h of B. cereus challenge (Supplementary Figure S1A). BC1908 caused great
damage to cells, with the highest cell death rate, which may have originated from strong
multiple virulence. BC1908 was selected as the experimental strain for follow-up exper-
iments based on the above results. The results also indicate that the toxicity of B. cereus
isolated from the same dairy farm was quite different. This difference may have been due
to the number and expression level of the virulence genes carried by B. cereus isolated from
the same dairy farm. It may also be that the phylogeny of B. cereus from the same farm
is also distinguished, which requires more research to explore the causes of the different
virulence gene levels.

3.2. Protective Effect of LGR-1 on Cells Infected by B. cereus with Different MOIs

Using previous experimental investigations (Supplementary Figure S1B), we found
that BC1908 had strong cytotoxicity, even in low MOI conditions. In order to explore the
lowest addition for probiotics to protect cells from the lethality of B. cereus, the LDH toxicity
test was conducted, and the results are shown in Supplementary Figure S1B. When cells
(2 × 105 cells/well) were protected by LGR-1 (108 /CFU) in advance for 3 h and then exposed
to BC1908 (106/CFU), the cell death rate was lowest, with a significant statistical difference.

3.3. Antibiotic Sensitivity and Virulence Gene Tests of Bacillus cereus

Antimicrobial susceptibility testing (Table 2) was also performed to better explore
the characteristics of B. cereus. BC1908 appeared multi-drug-resistant to the antibiotics
involved in this study, except for streptomycin and enrofloxacin. This shows the danger of
antibiotic abuse, and alternatives to antibiotics deserve more research.

Table 2. Antimicrobial susceptibility profile of BC1908.

Strain Antibiotics

CZ KAN AMP STR AZM AMC ENR TET GM CIP MEM

BC1908 R R R S R R S R R R R
CZ, cefazolin; KAN, kanamycin; AMP, ampicillin; STR, streptomycin; AZM, azithromycin; AMC, amoxicillin;
ENR, enrofloxacin; TET, tetracycline; GM, gentamicin; CIP, ciprofloxacin; MEM, meropenem; S, susceptible; I,
intermediate; R, resistant.

B. cereus secretes multiple toxins, including HBLA, HBLB, HBLD, NHEA, NHEB,
NHEC, cytK, hlyIII (Hemolysin III), hlyA (HemolysinA), and inhA, which were detected
at the rates of 81%, 85%, 92%, 97%, 100%, 97%, 79%, 16%, 28%, and 41%, respectively,
among all 39 clinical B. cereus strains (Supplementary Figure S2). BC1908 is equipped
with HBLA, HBLB, HBLD, NHEA, NHEB, NHEC, cytK, inhA, hlyIII (Hemolysin III), and
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hlyA (HemolysinA). Among them, HBLs and NHEs are the two most important groups of
virulence genes that play a vital role in destroying the host.

3.4. LGR-1 Ameliorates B. cereus-Induced Destruction of Endometrial Epithelial Cells

Scanning electron microscopy and transmitting electron microscopy were used to ob-
serve the mitigating effects of LGR-1 on the cell ultrastructure damage caused by B. cereus
(Figure 1). In Figure 1A, it can be observed that cells challenged with the supernatants of
BC1908 (BC1908 Sup.) and the BC1908 received serious damage, of which obvious inflam-
matory phenomena appeared on the cell surface, and the nucleus shrank and separated
from the cytoplasm. Compared to the cells challenged by the BC1908 Sup. or BC1908 strain,
the damage of cells protected by LGR-1 in advance was relieved significantly. LGR-1 had
no obvious negative effects on the cells compared to the control cells.

1 
 

 

Figure 1. Scanning electron microscopy and transmission electron microscopy to observe LGR-1’s
effects against B. cereus and BC1908 supernatant damage to the cell ultrastructure. (A) Scanning
electron microscopy to observe the cell surface structure for different treatments. (B) Transmission
electron microscopy to observe the changes in the cell ultrastructure in the different treatment groups.
Black triangles indicate the nuclear membrane; white arrows indicate the cell membrane; black arrow
refers to the mitochondria.
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The results of transmission electron microscopy (Figure 1B) show that the control cells
and the cells exposed to LGR-1 alone retained their integrity. The mitochondria (indicated
by black arrows), the cell nuclei (indicated by black triangles), and cell edges (indicated by
white arrows) remained in a valuable condition. However, cells challenged with BC1908
and BC1908 Sup. were substantially disturbed. Both the nucleus and the cytoplasm
showed dissolution. The border of the cell nucleus became blurred. Mitochondria were
destroyed and leaked from the severely perforated cell membrane with other intracellular
substances. Fortunately, the conditions of LGR-1-protected cells were enhanced compared
to the conditions of BC1908- and BC1908 Sup.-challenged cells. Interestingly, the conditions
of BC1908-infected cells show more severe damage in the nucleus and the mitochondria
compared to the conditions of BC1908 Sup.-challenged cells.

3.5. Genetic-Level Analysis of B. cereus through Second-Generation Sequencing

The sequencing results were analyzed on the RAST platform. B. cereus had several
virulence and multidrug resistance genes. In Figure 2A, BC1908 gene sequencing was run
on RAST (https://rast.nmpdr.org accessed on 22 December 2021). The results show that
BC1908 is equipped with several virulence genes and resistance genes, which is consistent
with the MIC and virulence gene detection results. In Figure 2B and Supplementary
Figures S1 and S2, the results of the de novo sequencing of BC1908 run on different
platforms to compare functions are shown. The BC1908 gene was enriched in the cellular
process, binding, and catalytic activity, indicating that BC1908 is highly toxic to cells.

 

2 

 
 

 
 
  

Figure 2. De novo sequencing results of the strong virulence of B. cereus (BC1908). (A) RAST analysis
of BC1908 for virulence and resistance genes. (B) The intersection of analysis between different
platforms (KEGG, eggNOG, Nt, Nr, and Swiss).

3.6. LGR-1 Alleviates the Inflammatory Response of BEECs Infected by B. cereus

The inflammatory proteins were quantitatively analyzed by Western blotting and
immunofluorescence, and the results are shown in Figure 3A,B. The expression levels of
NLRP3 and ASC were significantly increased (p < 0.01) in the BC1908 and BC1908 Sup.
treatments compared to that of the control cells. Surprisingly, after cells were protected in
advance for 3 h with LGR-1 and then exposed to BC1908 and BC1908 Sup., the expression
levels of NLRP3 and ASC decreased substantially, especially effective in protecting BC1908-
infected cells, which may be related to the protective mechanism of LGR-1. The expression
levels of NLRP3 and ASC in the cells supplemented with LGR-1 alone did not change
significantly from the control cells. The immunofluorescence results also provided evidence
that LGR-1 can relieve the activation of NLRP3 and ASC of cells caused by B. cereus.

In Figure 3C, by adding different concentrations of potassium ions in advance, we can
observe that the expression levels of NLRP3 and ASC significantly decreased compared to
those of the cells infected by BC1908. Moreover, adding 25 mM potassium ions can inhibit
the efflux of K+ in cells, thereby alleviating the activation of NLRP3 and ASC. In Figure 3D,
the results of the LDH indicate that the addition of K+ can effectively reduce the cytotoxicity
of cells caused by B. cereus and decrease intracellular lactate dehydrogenase efflux.

https://rast.nmpdr.org
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3 

 

  Figure 3. LGR-1 inhibits the activation of cellular inflammatory proteins (NLRP3 and ASC) caused
by BC1908 and the supernatant of BC1908. (A) The WB results show that BC1908 activates NLRP3
and ASC, and LGR-1 relieves this. (B) The results of immunofluorescence show that LGR-1 down-
regulated NLRP3 and ASC of cells, caused by BC1908. Scale bar is 25 µm. (C) Inhibition of different
concentrations of potassium ions on NLRP3 and ASC. (D) The exploration of the effect of adding
different concentrations of K+ to cell LDH. (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.7. LGR-1 Promotes the Tight Junction of BEECs Infected by B. cereus

The detection of tight junction proteins, which play an important barrier role to ep-
ithelial cells, indicates that both BC1908 and the supernatant of BC1908 have a significantly
destructive effect on the tight junction proteins of cells (Figure 4A,B). The expression levels
of Occludin and ZO-1 of those cells treated with BC1908 and the supernatant of BC1908
were reduced compared to those in the control cells. More importantly, the expression of the
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tight junction proteins in cells protected by LGR-1 3 h in advance recovered considerably.
Predictably, probiotics had no obvious negative effects on the tight junctions of the cells. In
Figure 4C, the scanning electron microscopy results confirm the results of Western blotting,
in which LGR-1 alleviated the destruction of the tight junctions of cells caused by BC1908
and BC1908 Sup.

 

4 

 

  

Figure 4. LGR-1 protects the destruction of the tight junction proteins, Occludin (A) and ZO-1 (B)
caused by BC1908 and the supernatant of BC1908. (C) Transmission electron microscopy observed
the tight junctions between cells with different treatments. (* p <0.05, ** p < 0.01).

3.8. The Pathways of LGR-1 to Protect from Cell Apoptosis Caused by B. cereus

The expression levels of the apoptosis-related proteins PARP, caspase-9, and caspase-3
were significantly up-regulated in the cells infected by BC1908 and considerably down-
regulated in the cells protected by LGR-1 in advance for 3 h (Figure 5A–C). However, the
supernatant of BC1908 did not affect the regulation of apoptosis proteins, which resulted in
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a significant difference in the expression levels of PARP, caspases-9, and caspases-3 between
cells infected by BC1908 and treated with the supernatant of BC1908.

 

5 

 

  

Figure 5. LGR-1 prevents the activation of BC1908 and the BC1908 supernatant on the apoptotic
proteins of endometrial epithelial cells. (A–C) Proof of B. cereus activates the apoptosis pathway, and
LGR-1 relieves the activation of the apoptosis pathway. (* p < 0.05, ** p < 0.01).

In order to further explore the pathways of B. cereus-activating apoptosis, more
apoptosis-related proteins have also been tested (Figure 6). In Figure 6A, by detecting the
mitochondrial apoptosis pathway-related pro-apoptotic proteins, which are endogenously
apoptosis, the BAX and SMAC expression levels of BC1908-treated cells were significantly
up-regulated. Meanwhile, the expression of the apoptosis-inhibiting proteins, BCL-2 and
XIAP, were significantly down-regulated. Excitingly, the protection of LGR-1 on cells
applied 3 h in advance can effectively alleviate the apoptosis caused by BC1908 on cells.
Consistent with the previous results, the supernatants of BC1908 and LGR-1 alone do not
affect the regulation of apoptosis-related proteins to epithelial cells. To verify our results,
the exogenous apoptosis-related proteins FAS, TNF-R1, and caspase-8 were also tested
(Figure 6B).

The expression levels of these proteins did not modulate due to the infection of
BC1908 or the supernatant of BC1908. Of course, the addition of LGR-1 did not change
the expression of these proteins. The results of immunofluorescence (Figure 6C) further
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confirmed that BC1908 damages cell mitochondria and then activates caspase-9 and caspase-
3, causing cell apoptosis. The nucleus of cells infected by BC1908 also shrank and stained
unevenly, indicating the appearance of the nucleus. The condition of the nuclei of cells
protected by LGR-1 in advance for 3 h improved, and the morphology of the mitochondria
was also filamentous or reticulated. Similarly, the supernatant of BC1908 had a practically
very weak destructive effect on the mitochondria and the nucleus. 

6 

 
Figure 6. Further study on the apoptosis pathway of endometrial epithelial cells induced by B.
cereus. (A) B. cereus activated the apoptotic pathway by the mitochondrial pathway. (B) Detection
of the exogenous apoptosis pathway indicators, including FAS, TNF-R1, and cleaved caspase-8.
(C) Immunofluorescence investigated the damage of B. cereus on mitochondria and the protective
effect of LGR-1 on cell mitochondria. Scale bar is 10 µm. (* p <0.05, ** p < 0.01).
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4. Discussion

The history of human development is also the history of the human struggle against
bacterial infections. The morbidity and fatality rates caused by bacterial infection accompa-
nied mankind and livestock history until the emergence of antibiotics. Antibiotic therapies
are still the primary treatment to combat bacterial infections, which are usually long-lasting
and difficult to remove completely due to biofilm production and other protection [1]. The
overuse of antibiotics has led to the emergence of drug resistance and other strategies to
survive in adverse conditions, which has emerged as antibiotic treatment and the host
autoimmunity failing to eliminate drug-resistant bacteria, resulting in the recurrence of
and susceptibility to infection and slow restoration. Those bacteria that survived from drug
treatment and purging of the host can utilize the intrauterine environment for benefits. For
example, the warm and humid environment of the endometrium can provide a suitable
environment for bacteria, and the host can be easily damaged again. Previous reports have
also proved that several extracapsular bacteria can invade and reproduce in epithelial cells
under specific conditions [25,26]. These infections are often chronic and are never fully
cleared by antibiotic treatment because bacteria can persist in biofilms or other protected
niches [27]. The persistent infestation of cells by these recalcitrance bacteria is the cause
of the failure of antibiotic treatment [28–31]. Alternatives to compete against bacterial
infections are urgently needed.

The vaginal microbiota, which is dominated by Lactobacilli, plays an important role in
maintaining female health [32,33]. Bacterial infections in the uterus and vagina postpartum
can cause microbial disorders and affect the involution, resulting in the disease of dairy
cows. Probiotics, as a substitute for antibiotics, have been widely used to combat diseases
caused by bacterial infections. Lactobacilli are safe probiotics that antagonize pathogens,
have anti-inflammatory (anticolitic and antivaginitic) effects [34–37], and regulate im-
munity in vivo and in vitro. Probiotics may be related to the regulation of the immune
response in the uterus and vagina, rather than directly competing or killing pathogenic
microorganisms [37]. However, the existence of probiotics, including the bacteriocin se-
creted by probiotics, may have a certain inhibitory effect on pathogenic bacteria, which
is consistent with previous reports. Pathogens can be restricted by Lactobacillus through
a series of strategies, including immune system activation and the secretion of specific
antibacterial proteins [38,39]. It has been indicated that Lactobacillus species can exert an
anti-inflammatory effect by regulating the level of cytokines involved in the inflamma-
tory response.

Pore-forming toxins as weapons secreted from pathogens can break up the epithelial
barrier by inducing apoptosis in epithelial cells [40–43]. Our results revealed that LGR-1
could effectively alleviate the mitochondrial-modulated apoptosis of primary epithelial
cells caused by B. cereus. The strain used in this experiment has no regulatory effect on the
exogenous apoptosis pathway. The permeabilization of mitochondrial membranes releases
several mitochondrial proteins, such as SMAC [44]. By damaging the mitochondria, BC1908
increases the permeability of the mitochondrial membrane, causing the efflux of BAX and
SMAC from the mitochondria, activating caspase-9 and then caspase-3. BAX actively
induces cytochrome c release from the mitochondria within cells and in cell-free systems,
both of which are inhibited by Bcl-2 family members [45]. The latter triggers a caspase
cascade, which begins with the initiator caspase, caspase-9, and culminates in activating
the effectors, caspase-3 and caspase-7 [46]. Remarkably, those processes correspond to
a BAX-mediated reduction of the inhibitors of apoptosis (IAP) family members cIAP1
and XIAP (X-linked IAP) [47]. SMAC is believed to function as a neutralizer of caspase
inhibitors, and mass spectrometry analysis has identified XIAP as a predominant SMAC-
binding protein [48]. A key feature of regulated apoptosis is the release of SMAC from
mitochondria and the subsequent release of caspases from inhibition [49]. Our results
also indicate that the protective effect of LGR-1 against apoptosis is regulated by the
mitochondrial pathway.
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In this study, B. cereus caused initial damage by K+ efflux, leading to the activation
of the NLRP3 inflammatory pathway. After activation, these sensors recruit the adaptor
protein ASC to form a functional inflammasome complex [50–52]. Different from Gram-
negative bacteria, Gram-positive bacteria mainly affect cell function, metabolism, and
physiological functions through toxins secreted by virulence genes to benefit bacterial
replication and transmission [53]. Some virulence genes of B. cereus were detected in our
research, including NHE, HBL, cytK, and inhA, which can form pores on mammalian cell
membranes [54]. Previous studies have revealed that HBL- and NHE-induced activation
of the NLRP3 inflammasome requires K+ efflux [50]. LGR-1 effectively alleviated the
inflammatory response caused by B. cereus, of which this alleviation may also come from the
control of K+ efflux. Previous research has demonstrated that preventing and treating the
pertinence of toxin-secreting bacterial infections may be an efficient and general approach.

When associated with an inflammasome-priming stimulus to promote precursor IL-1β
expression and raise NLRP3 levels, the activation of BAX triggers caspase-1 and IL-1β
processing and secretion [47]. Another report showed that the membrane damage or K+

channel activation is prompted by the BAX signaling pathway via caspase-3 and -7, leading
to NLRP3 inflammasome formation [47]. This view also coincides with the characteristics
of the model building in this experiment. The damage of cells begins when the toxins
secreted by B. cereus perforate the cell membrane to excrete K+, which leads to activation
of the BAX and the NLRP3 signaling pathways. However, why K+ efflux can activate the
NLRP3 pathway is still an unsolved mystery. The addition of K+ reduces the efflux of
lactate dehydrogenase in cells, which may also be a reason for inhibiting the activation
of NLRP3 and BAX. Moreover, incubating LGR-1 in advance can also effectively limit the
activation of the cellular NLRP3 and BAX signal pathways caused by B. cereus, which may
be because LGR-1 can effectively prevent K+ efflux in cells. The ability of LGR-1 to limit
the HBL and NHE toxins, which could be inserted into the mammalian cell membrane to
form pores, thereby mediating cellular leakage and lysis, may need further investigation.

5. Conclusions

Herein, we reported that if the emergence of multidrug-resistant B. cereus cannot be
effectively and safely prevented and treated, the threat to food safety and even human
health will pose a serious challenge to animal husbandry. Probiotics, an alternative to
antibiotics, such as L. rhamnosus GR-1, can improve cell viability via the characteristics of
immunomodulation, apoptosis inhibition, and maintenance of the integrity of endometrial
epithelial cells. Moreover, this study also provides a theoretical basis for future practical
applications of L. rhamnosus GR-1 to prevent and treat bovine endometritis.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Author Contributions: Conceptualization, N.L. and X.W.; methodology, N.L, X.W., L.X. and Q.S.;
software, N.L. and Q.S.; validation, Y.L., B.C. and L.Y.; formal analysis, N.L., X.W. and Q.S.; investiga-
tion, J.W. and Y.Z.; writing—original draft preparation, N.L. and X.W.; writing—review and editing,
N.L.; supervision, J.W. and Y.Z.; project administration, J.W. and Y.Z.; funding acquisition, J.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (project no.
31873034) and the program for the Beijing Dairy Industry Innovation Team (Beijing, China).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/microorganisms10010137/s1
https://www.mdpi.com/article/10.3390/microorganisms10010137/s1


Microorganisms 2022, 10, 137 14 of 16

References
1. Liu, X.; Liu, F.; Ding, S.; Shen, J.; Zhu, K. Sublethal Levels of Antibiotics Promote Bacterial Persistence in Epithelial Cells. Adv. Sci.

2020, 7, 1900840. [CrossRef]
2. Stenfors Arnesen, L.P.; Fagerlund, A.; Granum, P.E. From soil to gut: Bacillus cereus and its food poisoning toxins. FEMS Microbiol.

Rev. 2008, 32, 579–606. [CrossRef] [PubMed]
3. Rigourd, V.; Barnier, J.P.; Ferroni, A.; Nicloux, M.; Hachem, T.; Magny, J.F.; Lapillonne, A.; Frange, P.; Nassif, X.; Bille, E. Recent

actuality about Bacillus cereus and human milk bank: A new sensitive method for microbiological analysis of pasteurized milk.
Eur. J. Clin. Microbiol. Infect. Dis. 2018, 37, 1297–1303. [CrossRef] [PubMed]

4. Abdeen, E.E.; Hussien, H.; Hadad, G.A.E.; Mousa, W.S. Prevalence of Virulence Determinants among Bacillus cereus Isolated from
Milk Products with Potential Public Health Concern. Pak. J. Biol. Sci. 2020, 23, 206–212. [CrossRef] [PubMed]

5. Vidic, J.; Chaix, C.; Manzano, M.; Heyndrickx, M. Food Sensing: Detection of Bacillus cereus Spores in Dairy Products. Biosensors
2020, 10, 15. [CrossRef] [PubMed]

6. Fiedler, G.; Schneider, C.; Igbinosa, E.O.; Kabisch, J.; Brinks, E.; Becker, B.; Stoll, D.A.; Cho, G.S.; Huch, M.; Franz, C. Antibiotics
resistance and toxin profiles of Bacillus cereus-group isolates from fresh vegetables from German retail markets. BMC Microbiol.
2019, 19, 250. [CrossRef]

7. Zhang, Y.; Chen, J.; Feng, C.; Zhan, L.; Zhang, J.; Li, Y.; Yang, Y.; Chen, H.; Zhang, Z.; Zhang, Y.; et al. Quantitative Prevalence,
Phenotypic and Genotypic Characteristics of Bacillus cereus Isolated from Retail Infant Foods in China. Foodborne Pathog. Dis.
2017, 14, 564–572. [CrossRef]

8. Wang, M.L.; Liu, M.C.; Xu, J.; An, L.G.; Wang, J.F.; Zhu, Y.H. Uterine Microbiota of Dairy Cows With Clinical and Subclinical
Endometritis. Front. Microbiol. 2018, 9, 2691. [CrossRef]

9. Carneiro, L.C.; Cronin, J.G.; Sheldon, I.M. Mechanisms linking bacterial infections of the bovine endometrium to disease and
infertility. Reprod. Biol. 2016, 16, 1–7. [CrossRef] [PubMed]

10. Madegowda, M.; Eswaramoorthy, S.; Burley, S.K.; Swaminathan, S. X-ray crystal structure of the B component of Hemolysin BL
from Bacillus cereus. Proteins 2008, 71, 534–540. [CrossRef] [PubMed]

11. Ramarao, N.; Sanchis, V. The pore-forming haemolysins of Bacillus cereus: A review. Toxins 2013, 5, 1119–1139. [CrossRef]
[PubMed]

12. Huang, Y.; Flint, S.H.; Palmer, J.S. Bacillus cereus spores and toxins—The potential role of biofilms. Food Microbiol. 2020, 90, 103493.
[CrossRef] [PubMed]

13. Liu, X.Y.; Hu, Q.; Xu, F.; Ding, S.Y.; Zhu, K. Characterization of Bacillus cereus in Dairy Products in China. Toxins 2020, 12, 454.
[CrossRef] [PubMed]

14. Ivanova, N.; Sorokin, A.; Anderson, I.; Galleron, N.; Candelon, B.; Kapatral, V.; Bhattacharyya, A.; Reznik, G.; Mikhailova, N.;
Lapidus, A.; et al. Genome sequence of Bacillus cereus and comparative analysis with Bacillus anthracis. Nature 2003, 423, 87–91.
[CrossRef]

15. Agerso, Y.; Jensen, L.B.; Givskov, M.; Roberts, M.C. The identification of a tetracycline resistance gene tet(M), on a Tn916-like
transposon, in the Bacillus cereus group. FEMS Microbiol. Lett. 2002, 214, 251–256. [CrossRef]

16. Brown, J.R.; Gentry, D.; Becker, J.A.; Ingraham, K.; Holmes, D.J.; Stanhope, M.J. Horizontal transfer of drug-resistant aminoacyl-
transfer-RNA synthetases of anthrax and Gram-positive pathogens. EMBO Rep. 2003, 4, 692–698. [CrossRef]

17. Friedman, M. Antibiotic-resistant bacteria: Prevalence in food and inactivation by food-compatible compounds and plant extracts.
J. Agric. Food Chem. 2015, 63, 3805–3822. [CrossRef]

18. Torkar, K.G.; Bedenic, B. Antimicrobial susceptibility and characterization of metallo-beta-lactamases, extended-spectrum
beta-lactamases, and carbapenemases of Bacillus cereus isolates. Microb. Pathog. 2018, 118, 140–145. [CrossRef]

19. Ali, M.M.; Aburowes, A.H.; Albakush, A.M.; Rzeg, M.M.; Alrtail, A.; Ghenghesh, K.S. Identification of multidrug-resistant
bacteria and Bacillus cereus from healthcare workers and environmental surfaces in a hospital. Libyan J. Med. 2014, 9, 25794.
[CrossRef]

20. Wu, Q.; Zhu, Y.H.; Xu, J.; Liu, X.; Duan, C.; Wang, M.J.; Wang, J.F. Lactobacillus rhamnosus GR-1 Ameliorates Escherichia coli-
Induced Activation of NLRP3 and NLRC4 Inflammasomes with Differential Requirement for ASC. Front. Microbiol. 2018, 9, 1661.
[CrossRef]

21. Wu, Q.; Liu, M.C.; Yang, J.; Wang, J.F.; Zhu, Y.H. Lactobacillus rhamnosus GR-1 Ameliorates Escherichia coli-Induced Inflammation
and Cell Damage via Attenuation of ASC-Independent NLRP3 Inflammasome Activation. Appl. Environ. Microbiol. 2016, 82,
1173–1182. [CrossRef]

22. Liu, M.; Wu, Q.; Wang, M.; Fu, Y.; Wang, J. Lactobacillus rhamnosus GR-1 Limits Escherichia coli-Induced Inflammatory Responses
via Attenuating MyD88-Dependent and MyD88-Independent Pathway Activation in Bovine Endometrial Epithelial Cells.
Inflammation 2016, 39, 1483–1494. [CrossRef] [PubMed]

23. Genis, S.; Bach, A.; Aris, A. Effects of intravaginal lactic acid bacteria on bovine endometrium: Implications in uterine health. Vet.
Microbiol. 2017, 204, 174–179. [CrossRef]

24. Fortier, M.A.; Guilbault, L.A.; Grasso, F. Specific properties of epithelial and stromal cells from the endometrium of cows. J.
Reprod. Fertil. 1988, 83, 239–248. [CrossRef] [PubMed]

http://doi.org/10.1002/advs.201900840
http://doi.org/10.1111/j.1574-6976.2008.00112.x
http://www.ncbi.nlm.nih.gov/pubmed/18422617
http://doi.org/10.1007/s10096-018-3249-z
http://www.ncbi.nlm.nih.gov/pubmed/29725957
http://doi.org/10.3923/pjbs.2020.206.212
http://www.ncbi.nlm.nih.gov/pubmed/31944080
http://doi.org/10.3390/bios10030015
http://www.ncbi.nlm.nih.gov/pubmed/32106440
http://doi.org/10.1186/s12866-019-1632-2
http://doi.org/10.1089/fpd.2017.2287
http://doi.org/10.3389/fmicb.2018.02691
http://doi.org/10.1016/j.repbio.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26952747
http://doi.org/10.1002/prot.21888
http://www.ncbi.nlm.nih.gov/pubmed/18175317
http://doi.org/10.3390/toxins5061119
http://www.ncbi.nlm.nih.gov/pubmed/23748204
http://doi.org/10.1016/j.fm.2020.103493
http://www.ncbi.nlm.nih.gov/pubmed/32336372
http://doi.org/10.3390/toxins12070454
http://www.ncbi.nlm.nih.gov/pubmed/32674390
http://doi.org/10.1038/nature01582
http://doi.org/10.1016/S0378-1097(02)00883-2
http://doi.org/10.1038/sj.embor.embor881
http://doi.org/10.1021/acs.jafc.5b00778
http://doi.org/10.1016/j.micpath.2018.03.026
http://doi.org/10.3402/ljm.v9.25794
http://doi.org/10.3389/fmicb.2018.01661
http://doi.org/10.1128/AEM.03044-15
http://doi.org/10.1007/s10753-016-0382-7
http://www.ncbi.nlm.nih.gov/pubmed/27236308
http://doi.org/10.1016/j.vetmic.2017.04.025
http://doi.org/10.1530/jrf.0.0830239
http://www.ncbi.nlm.nih.gov/pubmed/3165129


Microorganisms 2022, 10, 137 15 of 16

25. de Souza Santos, M.; Orth, K. Intracellular Vibrio parahaemolyticus escapes the vacuole and establishes a replicative niche in the
cytosol of epithelial cells. mBio 2014, 5, e01506–e01514. [CrossRef]

26. Benjamin, J.L.; Sumpter, R., Jr.; Levine, B.; Hooper, L.V. Intestinal epithelial autophagy is essential for host defense against
invasive bacteria. Cell Host Microbe 2013, 13, 723–734. [CrossRef]

27. Harms, A.; Maisonneuve, E.; Gerdes, K. Mechanisms of bacterial persistence during stress and antibiotic exposure. Science 2016,
354, aaf4268. [CrossRef]

28. Fauvart, M.; De Groote, V.N.; Michiels, J. Role of persister cells in chronic infections: Clinical relevance and perspectives on
anti-persister therapies. J. Med. Microbiol. 2011, 60, 699–709. [CrossRef]

29. Balaban, N.Q.; Gerdes, K.; Lewis, K.; McKinney, J.D. A problem of persistence: Still more questions than answers? Nat. Rev.
Microbiol. 2013, 11, 587–591. [CrossRef]

30. Levin, B.R.; Rozen, D.E. Non-inherited antibiotic resistance. Nat. Rev. Microbiol. 2006, 4, 556–562. [CrossRef] [PubMed]
31. Lebeaux, D.; Ghigo, J.M.; Beloin, C. Biofilm-related infections: Bridging the gap between clinical management and fundamental

aspects of recalcitrance toward antibiotics. Microbiol. Mol. Biol. Rev. 2014, 78, 510–543. [CrossRef] [PubMed]
32. Kenyon, C.; Colebunders, R.; Crucitti, T. The global epidemiology of bacterial vaginosis: A systematic review. Am. J. Obstet.

Gynecol. 2013, 209, 505–523. [CrossRef]
33. Ravel, J.; Gajer, P.; Abdo, Z.; Schneider, G.M.; Koenig, S.S.; McCulle, S.L.; Karlebach, S.; Gorle, R.; Russell, J.; Tacket, C.O.; et al.

Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci. USA 2011, 108, 4680–4687. [CrossRef]
34. Joo, H.M.; Hyun, Y.J.; Myoung, K.S.; Ahn, Y.T.; Lee, J.H.; Huh, C.S.; Han, M.J.; Kim, D.H. Lactobacillus johnsonii HY7042

ameliorates Gardnerella vaginalis-induced vaginosis by killing Gardnerella vaginalis and inhibiting NF-kappaB activation. Int.
Immunopharmacol. 2011, 11, 1758–1765. [CrossRef] [PubMed]

35. Joo, H.M.; Kim, K.A.; Myoung, K.S.; Ahn, Y.T.; Lee, J.H.; Huh, C.S.; Han, M.J.; Kim, D.H. Lactobacillus helveticus HY7801
ameliorates vulvovaginal candidiasis in mice by inhibiting fungal growth and NF-kappaB activation. Int. Immunopharmacol. 2012,
14, 39–46. [CrossRef]

36. Derikx, L.A.; Dieleman, L.A.; Hoentjen, F. Probiotics and prebiotics in ulcerative colitis. Best Pract. Res. Clin. Gastroenterol. 2016,
30, 55–71. [CrossRef]

37. Jang, S.E.; Han, M.J.; Kim, S.Y.; Kim, D.H. Lactobacillus plantarum CLP-0611 ameliorates colitis in mice by polarizing M1 to
M2-like macrophages. Int. Immunopharmacol. 2014, 21, 186–192. [CrossRef]

38. Genis, S.; Bach, A.; Fabregas, F.; Aris, A. Potential of lactic acid bacteria at regulating Escherichia coli infection and inflammation of
bovine endometrium. Theriogenology 2016, 85, 625–637. [CrossRef] [PubMed]

39. You, G.E.; Jung, B.J.; Kim, H.R.; Kim, H.G.; Kim, T.R.; Chung, D.K. Lactobacillus sakei lipoteichoic acid inhibits MMP-1 induced by
UVA in normal dermal fibroblasts of human. J. Microbiol. Biotechnol. 2013, 23, 1357–1364. [CrossRef]

40. Liu, X.; Ding, S.; Shi, P.; Dietrich, R.; Martlbauer, E.; Zhu, K. Non-hemolytic enterotoxin of Bacillus cereus induces apoptosis in
Vero cells. Cell. Microbiol. 2017, 19, e12684. [CrossRef]

41. Bischofberger, M.; Iacovache, I.; van der Goot, F.G. Pathogenic pore-forming proteins: Function and host response. Cell Host
Microbe 2012, 12, 266–275. [CrossRef]

42. Imre, G.; Heering, J.; Takeda, A.N.; Husmann, M.; Thiede, B.; zu Heringdorf, D.M.; Green, D.R.; van der Goot, F.G.; Sinha, B.;
Dotsch, V.; et al. Caspase-2 is an initiator caspase responsible for pore-forming toxin-mediated apoptosis. EMBO J. 2012, 31,
2615–2628. [CrossRef]

43. Ratner, A.J.; Hippe, K.R.; Aguilar, J.L.; Bender, M.H.; Nelson, A.L.; Weiser, J.N. Epithelial cells are sensitive detectors of bacterial
pore-forming toxins. J. Biol. Chem. 2006, 281, 12994–12998. [CrossRef]

44. Verhagen, A.M.; Kratina, T.K.; Hawkins, C.J.; Silke, J.; Ekert, P.G.; Vaux, D.L. Identification of mammalian mitochondrial proteins
that interact with IAPs via N-terminal IAP binding motifs. Cell Death Differ. 2007, 14, 348–357. [CrossRef] [PubMed]

45. Suen, D.F.; Norris, K.L.; Youle, R.J. Mitochondrial dynamics and apoptosis. Genes Dev. 2008, 22, 1577–1590. [CrossRef]
46. McArthur, K.; Chappaz, S.; Kile, B.T. Apoptosis in megakaryocytes and platelets: The life and death of a lineage. Blood 2018, 131,

605–610. [CrossRef] [PubMed]
47. Vince, J.E.; De Nardo, D.; Gao, W.; Vince, A.J.; Hall, C.; McArthur, K.; Simpson, D.; Vijayaraj, S.; Lindqvist, L.M.; Bouillet, P.; et al.

The Mitochondrial Apoptotic Effectors BAX/BAK Activate Caspase-3 and -7 to Trigger NLRP3 Inflammasome and Caspase-8
Driven IL-1beta Activation. Cell Rep. 2018, 25, 2339–2353. [CrossRef] [PubMed]

48. Carson, J.P.; Behnam, M.; Sutton, J.N.; Du, C.; Wang, X.; Hunt, D.F.; Weber, M.J.; Kulik, G. Smac is required for cytochrome
c-induced apoptosis in prostate cancer LNCaP cells. Cancer Res. 2002, 62, 18–23. [PubMed]

49. Petersen, S.L.; Wang, L.; Yalcin-Chin, A.; Li, L.; Peyton, M.; Minna, J.; Harran, P.; Wang, X. Autocrine TNFalpha signaling renders
human cancer cells susceptible to Smac-mimetic-induced apoptosis. Cancer Cell 2007, 12, 445–456. [CrossRef]

50. Mathur, A.; Feng, S.; Hayward, J.A.; Ngo, C.; Fox, D.; Atmosukarto, I.I.; Price, J.D.; Schauer, K.; Martlbauer, E.; Robertson, A.A.B.;
et al. A multicomponent toxin from Bacillus cereus incites inflammation and shapes host outcome via the NLRP3 inflammasome.
Nat. Microbiol 2019, 4, 362–374. [CrossRef] [PubMed]

51. Rathinam, V.A.; Fitzgerald, K.A. Inflammasome Complexes: Emerging Mechanisms and Effector Functions. Cell 2016, 165,
792–800. [CrossRef] [PubMed]

52. Latz, E.; Xiao, T.S.; Stutz, A. Activation and regulation of the inflammasomes. Nat. Rev. Immunol. 2013, 13, 397–411. [CrossRef]

http://doi.org/10.1128/mBio.01506-14
http://doi.org/10.1016/j.chom.2013.05.004
http://doi.org/10.1126/science.aaf4268
http://doi.org/10.1099/jmm.0.030932-0
http://doi.org/10.1038/nrmicro3076
http://doi.org/10.1038/nrmicro1445
http://www.ncbi.nlm.nih.gov/pubmed/16778840
http://doi.org/10.1128/MMBR.00013-14
http://www.ncbi.nlm.nih.gov/pubmed/25184564
http://doi.org/10.1016/j.ajog.2013.05.006
http://doi.org/10.1073/pnas.1002611107
http://doi.org/10.1016/j.intimp.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/21798373
http://doi.org/10.1016/j.intimp.2012.05.023
http://doi.org/10.1016/j.bpg.2016.02.005
http://doi.org/10.1016/j.intimp.2014.04.021
http://doi.org/10.1016/j.theriogenology.2015.09.054
http://www.ncbi.nlm.nih.gov/pubmed/26549120
http://doi.org/10.4014/jmb.1306.06026
http://doi.org/10.1111/cmi.12684
http://doi.org/10.1016/j.chom.2012.08.005
http://doi.org/10.1038/emboj.2012.93
http://doi.org/10.1074/jbc.M511431200
http://doi.org/10.1038/sj.cdd.4402001
http://www.ncbi.nlm.nih.gov/pubmed/16794601
http://doi.org/10.1101/gad.1658508
http://doi.org/10.1182/blood-2017-11-742684
http://www.ncbi.nlm.nih.gov/pubmed/29259001
http://doi.org/10.1016/j.celrep.2018.10.103
http://www.ncbi.nlm.nih.gov/pubmed/30485804
http://www.ncbi.nlm.nih.gov/pubmed/11782351
http://doi.org/10.1016/j.ccr.2007.08.029
http://doi.org/10.1038/s41564-018-0318-0
http://www.ncbi.nlm.nih.gov/pubmed/30531979
http://doi.org/10.1016/j.cell.2016.03.046
http://www.ncbi.nlm.nih.gov/pubmed/27153493
http://doi.org/10.1038/nri3452


Microorganisms 2022, 10, 137 16 of 16

53. Liu, S.; Moayeri, M.; Leppla, S.H. Anthrax lethal and edema toxins in anthrax pathogenesis. Trends Microbiol. 2014, 22, 317–325.
[CrossRef] [PubMed]

54. Enosi Tuipulotu, D.; Mathur, A.; Ngo, C.; Man, S.M. Bacillus cereus: Epidemiology, Virulence Factors, and Host-Pathogen
Interactions. Trends Microbiol. 2021, 29, 458–471. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tim.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24684968
http://doi.org/10.1016/j.tim.2020.09.003
http://www.ncbi.nlm.nih.gov/pubmed/33004259

	Introduction 
	Materials and Methods 
	Biosecurity Statement 
	Clinical Isolates of B. cereus Culture and Sequencing 
	Determination of MIC 
	BC1908 De Novo Sequencing 
	Virulence Gene Testing 
	Bovine Endometrial Cell Culture 
	Lactobacillus rhamnosus GR-1 Culture 
	Lactate Dehydrogenase Assay 
	Western Blotting 
	Immunofluorescence 
	Data Analysis 

	Results 
	Cell Cytotoxicity of B. cereus 
	Protective Effect of LGR-1 on Cells Infected by B. cereus with Different MOIs 
	Antibiotic Sensitivity and Virulence Gene Tests of Bacillus cereus 
	LGR-1 Ameliorates B. cereus-Induced Destruction of Endometrial Epithelial Cells 
	Genetic-Level Analysis of B. cereus through Second-Generation Sequencing 
	LGR-1 Alleviates the Inflammatory Response of BEECs Infected by B. cereus 
	LGR-1 Promotes the Tight Junction of BEECs Infected by B. cereus 
	The Pathways of LGR-1 to Protect from Cell Apoptosis Caused by B. cereus 

	Discussion 
	Conclusions 
	References

