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Abstract: Trueperella pyogenes is a common opportunistic pathogen which is one of the main causes
of postpartum endometritis in dairy cows. As a substitute for antibiotics, the probiotic Lactobacillus
rhamnosus GR-1 has been used in a wide range of clinical treatments. Our experiments were
designed to establish a model of anti-damage which LGR-1 was used to protect bovine endometrial
epithelial cells (BEECs) from inflammatory damage and cell destruction caused by T. pyogenes.
Increased expression of NLRP3 inflammasomes and cytokines was observed following T. pyogenes
challenge, but this increase was relieved by LGR-1 pretreatment. Immunofluorescence and
Western blot analyses revealed that T. pyogenes infection also results in the damage of tight junction
proteins in BEECs. The expression levels of Claudin-1, Occludin, and ZO-1 were decreased in cells
only infected with T. pyogenes but not in cells pretreated with LGR-1. Moreover, the detection of the
anti-apoptotic protein Bcl-2 and apoptotic proteins BAX, cytochrome c, as well as the activating
effector caspase-3 revealed that T. pyogenes induced apoptosis of BEECs, which was also confirmed
by DAPI staining to observe the morphological changes of the nuclei of cell apoptosis and by
TUNEL staining to locate the cells undergoing apoptosis. Our data indicate that LGR-1 ameliorates
the T. pyogenes—induced barrier dysfunction of BEECs and pre-application of LGR-1 could be an
effective strategy for controlling T. pyogenes infection.

Keywords: Trueperella pyogenes, bovine endometrial epithelial cells, inflammasome, tight junction,
apoptosis, Lactobacillus rhamnosus GR-1

1. Introduction

Cow endometritis is a global disease with particularly high incidences in high yielding dairy
cows [1, 2]. Postpartum endometritis caused by persistent bacterial infection [3], which has severe
impact on the dairy industry and huge economic losses. Presence of pathogenic bacteria in the
uterus causes inflammation, histological lesions of the endometrium, and perturbs uterine
involution, ovulation and embryo survival [4]. The incidence of uterine infection is associated with
the presence of certain bacterial species in the uterus, such as Escherichia coli, Trueperella pyogenes,
Fusobacterium spp., and Bacteroides spp [5, 6, 7, 8]. T. pyogenes is considered the most relevant
pathogenic bacterium during the development of dairy endometritis due to its persistence in the
contaminated uterus, resistance to antimicrobial agents, and synergistic action with Gram-negative
bacteria [9, 10]. Postpartum uterine infection associated with T. pyogenes, typically affecting 20 to

40% of animals after parturition [11, 12, 13]. Previous reports stated that T. progenies infects some
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humans who come in close contact with animals [14, 15]. Of the 31 dairy cows with endometritis in
a dairy farm in Beijing in this study, 8 dairy cows were isolated T. pyogenes, with a detection rate of
up to 26%, but there was none of T. pyogenes was isolated from the other 9 healthy dairy cows.

T. pyogenes could trigger a pro-inflammatory response within the uterus, with transmigration
of neutrophils and evidence of mucopurulent discharge [16, 17, 18]. Inflammation is a protective
immune response mounted by the evolutionarily conserved innate immune system in response to
harmful stimuli, such as pathogens, dead cells or irritants, and is tightly regulated by the host [19].
The NLRP3 inflammasome is activated in response to the widest array of stimuli, leading to the
theory that the dissimilar agonists induce similar downstream events that are sensed by NLRP3 [19,
20, 21, 22]. NOD-like receptor NLRP3 inflammasome is a cytoplasmic protein complex that consists
of NLRP3, ASC (apoptosis-associated speck-like protein, which contains a caspase recruitment
domain) and caspase-1, which has been shown to be a crucial regulator of diverse inflammatory
diseases, including type 2 diabetes, atherosclerosis, and inflammatory bowel diseases [23, 24, 25].
The activation of the NLRP3 inflammasome triggers caspase-1 activation [25]. Active caspase-1
subsequently functions to cleave the proinflammatory IL-1 family of cytokines into their bioactive
forms, IL-1p3 and IL-18, and cause pyroptosis, a type of inflammatory cell death [19, 26, 27].

Tight junctions (T]) regulate ion and macromolecules flux across the epithelium, and also
constitute the first barrier that pathogens face during host invasion [28]. The essential components
of this epithelial barrier are physical intercellular structures, termed tight junctions, which attach
adjacent cells to each other, thereby forming intercellular seals [29, 30, 31]. Claudins, occludin, and
junctional adhesion molecules are primary constituents of TJs that are stabilized by the intracellular
scaffolding protein zona occludens (ZO) [32, 33]. The initial epithelial damage is characterized by TJ
opening, reflected as a dramatic drop of transepithelial electrical resistance (TEER) [28, 34, 35].

Apoptosis, the programmed cell death, is finely regulated at gene level resulting in the orderly
and efficient removal of damaged cells such as those occurring following DNA damage or during
development [37, 38]. Apoptosis occurs normally during development and aging and as a
homeostatic mechanism to maintain cell populations in tissues [39]. Apoptosis also occurs as a
defense mechanism such as in immune reactions or when cells are damaged by disease or noxious
agents [39, 40]. From the morphological point of view apoptotic cells show a characteristic
cytoplasmic cell shrinkage, budding of plasma membrane, membrane exposure of
phosphatidylserine (PS) on extracellular side, chromatin condensation and DNA fragmentation [38,
41, 42]. It is governed by the BCL-2 family of proteins, which prosurvival BCL-2 proteins (BCL-2,
BCL-XL, MCL-1, BCL-W, and A1) maintain cellular viability by directly and indirectly restraining
prodeath BAK and BAX, the 2 proteins whose activity define the pathway [43]. BAX and BAK
actively induce cytochrome c release from mitochondria within cells and in cell-free systems, both
of which are inhibited by anti-apoptotic Bcl-2 family members [44]. The latter triggers the apoptotic
caspase cascade, which begins with the initiator caspase, Caspase-9, and culminates in the
activation of the effectors, Caspase-3 and Caspase-7 [43].

To date, veterinarians are still limited to antibiotic treatment with T. pyogenes infections in
many dairy farms in China. However, the issue of antibiotic resistance and food safety are now
receiving widespread attention. T. pyogenes is exposed to antimicrobial agents used for growth
promotion, prophylaxis, and therapy, notably tylosin, a macrolide antibiotic and the resistance of T.
pyogenes to tylosin has been documented [45]. Looking for a novel approach for the treatment of T.

pyogenes infections is our priority. Increasing evidence indicates that probiotics are effective in
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preventing and treating a variety of intestinal disorders through several regulation mechanisms [46].
The probiotic Lactobacillus rhamnosus GG (LGG) may be an adjunct therapy to attenuate and prevent
the course of infection, which will allow more judicious use of prophylactic antibiotics and
hopefully reduce overall usage [47]. Our previous study showed that probiotic Lactobacillus
rhamnosus GR-1 ameliorates E. coli-induced inflammatory damage via attenuation of
apoptosis-associated  speck-like protein containing a caspase recruitment domain
(ASC)-independent NLRP3 inflammasome activation in primary bovine mammary epithelial cells
(PBMCs) [48]. However, the use of LGR-1 as a probiotic treatment in protecting cows from
postpartum endometritis is rarely reported and the mechanism is still unknown. Using LGR-1 to
cure endometritis caused by bacteria provides a significant advantage and requires more energy

to study its mechanisms.

The aim of the study is to establish a model of endometrial epithelial cells invaded by clinically
isolated T. pyogenes in order to explore the processes and mechanisms of the barrier dysfunction and
cell apoptosis and to investigate the potential mechanisms of LGR-1 against T. pyogenes infection.

2. Materials and Methods

2.1 Bacteria

The 8 clinical T. Pyogenes isolates were collected from uterine lavage fluid using the uterine
infusion pipette with an inflated balloon and stainless-steel pins from dairy cows within 15 days
postpartum with clinical endometritis. The bacteria were recovered from sheep blood plate medium
and a single colony was cultivated in 10 ml brain heart infusion (BHI) broth (Aobox, Beijing, China)
at 37 °C overnight under aerobic conditions. All of the T. pyogenes were harvested by centrifugation
and re-suspended twice with Dulbecco's phosphate-buffered saline (PBS; Solarbio, Beijing, China)
and counted under the optical microscope.

LGR-1 ATCC 55826 was purchased from the American Type Culture Collection (Manassas, VA,
United States) and grown in De Man, Rogosa, and Sharpe (MRS) broth (Aobox, Beijing, China) for
24 h at 37 °C under microaerophilic conditions [48]. LGR-1 was inoculated and grown in fresh MRS
broth for 8 h at 37 °C with the beginning ratio of 1:100 after passing the mid-log phase. The LGR-1
was harvested, re-suspended, and counted as the same method as T. pyogenes. The concentration of
LGR-1 was used as 5 x 107 CFU/ml.

2.2 Bovine Cell Culture

For cell culture, BEECs were obtained from the uterine horn and processed as the method
previously described [49]. 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 (Invitrogen, Carlsbad, CA, United States), respectively. After flowing

evenly into cell flasks, the BEECs were cultured at 37 °C in an incubator with 5% CO2 atmosphere.
2.3 Bacterial Growth Curves

To examine different growth rates of all clinical T. pyogenes isolates and the standard strain,
bacterial growth curves were measured for all of 9 T. pyogenes, respectively. Sterilized turbidity

tubes were added 1 ml BHI broth and bacterial solution was dropped until its turbidity is 0.2. 198 pl
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of BHI broth was added to each well into a 96-well plate and then 2 pl of bacterial solution with a
turbidity of 0.5 was added to each well. Each T. pyogenes was repeated three times. The plate was
placed in the microplate reader and measured OD600 every hour for a continuously 30 h

measurement.
2.4 Adhesion Assay

BEECs were harvested onto six-well cell culture plates. After growing to 80% full, cells were
washed three times with PBS. Cells were pre-incubated with LGR-1 (5 x 107 CFU/ml) for 3 h. LGR-1
was washed for three times with PBS and cells were then exposed to T. pyogenes (107 CFU/ml) for 9
h. Cells were washed three times with PBS to eliminate non-adherent bacteria and treated with
0.05% Triton X-100 for 15 min at room temperature. After harvested by centrifugation for 10 min,
cell lysate and cell supernatant were diluted by 10-fold into 4 concentration gradients and 10 pl of
each gradient of cell supernatant and lysate were evenly spread on blood plates and for three

repeats. Colonies were counted after incubation in a 37 °C incubator for 48 h.
2.5 Lactate Dehydrogenase (LDH) Assay

Different treatments of cells were evaluated with CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega, Madison, WI, United States) following the instructions of manufacturer. Cells
were challenged by T. pyogenes for 9 h which MOI was 5 for each challenged well. The results were
calculated by the following formula: % cytotoxixity = (sample-control)/(max lysis-correction

volume-control+background).
2.6 Western Blotting

Cells were pre-incubated with LGR-1 for 3 h and then exposed with T. pyogenes for 9 h in
six-well cell culture plates as the method mentioned above. After T. pyogenes challenged for 9 h,
cells were washed for three times with sterilized PBS and simultaneously extracted for western blot
assay. The primary antibodies were rabbit polyclonal anti-ASC (1:500 dilution, 10500-1-AP), rabbit
polyclonal anti-claudin-1 (1:2000 dilution, 13050-1-AP), 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), mouse monoclonal anti-caspase-3 (1:1000 dilution,
66470-2-Ig), rabbit polyclonal anti-NLRP3 (1:1000 dilution, 19771-1-AP) (ProteinTech Group,
Rosemont, IL), rabbit polyclonal anti-caspase-1 (1:1000 dilution, ab179515), rabbit polyclonal
anti-occludin (1:2000 dilution, ab216327) (Abcam), and rabbit polyclonal anti-cytochrome ¢ (1:1000
dilution, 11940S) (Cell Signaling Technology, Danvers, MA). The mouse anti-GAPDH (1:5000
dilution, 60004-1-Ig) and mouse anti--actin (1:5000 dilution, 66009-1-Ig) were applied for verifying
the equal sample loading. The secondary antibodies included goat anti-mouse IgG (1:5000 dilution,
SA00001-1) or goat anti-rabbit IgG (1:5000 dilution, SA00001-2) (ProteinTech Group). After the films
of caspase-1 and caspase-3 were exposure, the films were stripped by Restore Western Blot
Stripping Buffer (ThermoFisher, Waltham, MA USA) and re-incubated with primary antibodies for
GAPDH or B-actin.

2.7 Genomic DNA Extraction and PCR Amplification
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Genomic DNA were extracted from T. pyogenes BHI samples by using TIANamp Genomic
DNA Kit (Tiangen, Beijing, China) following the instructions of manufacturer. The sequences of
primers were used as follow: 27F (5'-AGA GTT TGA TCM TGG CTC AG-3") and 1492R (5'-TAC
GGY TAC CTT GTT ACG ACT T-3"). The PCR reaction contents 13 ul of 2 x UTaq PCR MasterMix
with loading dye (Zoman, Beijing, China), 1ul of each of primer, 9 ul of PCR water, and 1 pl of DNA
sample. The virulence genes of each T. pyogenes were detected by PCR amplification. The sequences
of primers used are listed in Table 1. The PCR products were subsequently identified the presence
of virulence genes by loading to 2% agarose gels with 2000 bp marker for electrophoresis and run
for 30 min. The gels were pictured by Quick-reference Imaging (Alpha Innotech, San Leandro, CA,
USA).

2.8 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)

Cells were harvested after 9 h T. pyogenes infection and fixed with 3% glutaraldehyde (pH 7.4)
for 48 h. Cells were treated with standard SEM and TEM procedures, respectively. SEM was
observed and pictured with a Quanta 200 FEG scanning electron microscope (FEI, Eindhoven, the
Netherlands) and TEM was observed and pictured with an H-7500 transmission electron

microscope (Hitachi, Tokyo, Japan).
2.9 Quantitative real-time PCR

Total RNA was isolated by using Trizol reagent (Invitrogen, Carlsbad, CA) from different
treatments of BEECs. The concentration of RNA was detected with NanoDrop instrument
(ThermoFisher, Waltham, MA USA). RNA was reversed transcription into first-strand cDNA for

real-time PCR procedure. The sequences of primers used are listed in Table 2. To normalize the

cycle threshold (Ct) values, the Cr values of the hypoxanthine phosphoribosyl-transferase

housekeeping genes were evaluated. The data of real-time PCR are exhibited with the method of
the 2-AAC as fold-change.

2.10 Immunofluorescence

The supernatant was discarded from a 24-well plate with a cell fusion rate of 80% growing on
glass coverslips. With PBS washing three time gently, LGR-1 was pre-applied for 3 h and cells were
then exposed to T. pyogenes for 9 h. Bacteria were washed for three times with PBS. After washing
as mentioned above, 500 pL of 4% PFA was added to each well and cells were fixed at room
temperature for 10 min. For the next step, 500 uL of 1% Triton X-100 was dropped to per well at
room temperature for 15 minutes and washed three times with PBS following with 2% BSA
blocking at room temperature for 1 h. For tight junction experiment, primary antibody (ZO-1, 1:100
dilution) was applied and incubated at 4 °C overnight and Alexa Fluor 488 goat anti-rabbit as the
secondary antibody was applied and incubated in dark at room temperature for 1 h.

For apoptosis experiment, nuclei of cells were stained with DAPI at room temperature for 10
min. Glass coverslips was face down on slides with the anti-fluorescence quencher drip-proof and
mounted with neutral resin. Slides were observed and pictured with Nikon Al confocal laser

scanning microscope.
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2.11 TUNEL

The BEECs were cultivated on the 24-well cell slides. After the cells were ready for use, the
LGR-1 was applied for 3 h in advance after washing three times gently with PBS. Then, TP1804 was
infected the BEECs for 9 h. The apoptosis cells were marked with TUNEL kit from Beyotime (Cat.
No.C1806; Beijing, China) following the instructions provided by the manufacturer after the cells
were treated as the same method as the immunofluorescence. The Nikon A1 confocal laser scanning

microscope was employed for images.
2.12 Statistical Analysis

Every experiment was repeated at least for three times which obtained similar outcomes. All
data were analyzed by GraphPad Prism 8. The western blotting results were preformed by
Imagine] software and then analyzed by GraphPad Prism 8. All data were preformed with
statistical methods of one-way ANOVA and t-test. Multiple corrections were applied by Tukey’s
honestly significant difference for post hoc test. Data are presented as the mean + SEM which were
calculated from three similar parallel experiments. A P value of < 0.05 was considered statistically

significant.
3. Results

3.1. Experimental results

3.1.1 Screening clinical isolates of T. pyogenes based on bacterial growth characteristics

The obvious hemolytic rings and needle-like white colonies were exhibited on a sheep blood
medium after the isolated and purified T. pyogenes was cultured at a 37 °C incubator for 48 h (Figure
1C). T. pyogenes was observed with strong mobility and high moving speed and the bacteria were
short rod-shaped under light microscopy. The length of T. pyogenes is 2-3 pm and the diameter is
0.5-1 pm.

The growth curves of 8 isolates of T. pyogenes clinical strains from TP1801 to TP1808 and a
standard strain of T. pyogenes ATCC19411 were measured from 0 h to 30 h (Figure 1A). The clinical
strains TP1804 and TP1806 grew fastest. TP1806 reached its mid-log phase at about 7 h and entered
the plateau phase, while TP1804 passed its mid-log phase at 9 h and its peak was slightly higher
than its of TP1806. The growth curves of the four strains, the standard strain, TP1801, TP1802, and
TP1803, were relatively consistent and the growth rates were slow to pass the mid-log phase values
which were much lower than the values of TP1804 and TP1806 in approximately 18 hours. The
mid-log phase values of TP1805 and TP1807 were still not reached within 27 hours and the mid-log
phase value was very low. TP1808 basically had no obvious growth.

The six strains, TP1801 to TP1806, were detected to equip all six virulence genes. Only FimA was
not detected in the standard strains, and FimC was not detected in TP1807 and TP1808. The
carrying percentage of PLO, fimE, nanH, and nanP in these 9 strains was 100%; the carrying

percentage of fimA was 88.9%, and the carrying percentage of fimC was 77.8% (Table 3).

3.1.2 The adhesion of TP1804 to BEECs is reduced by pre-treatment of Lactobacillus rhamnosus GR-1

d0i:10.20944/preprints202010.0185.v1
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Quantitative measurement of lactate dehydrogenase (LDH) method was used to determine the
cell mortality after 3 h, 6 h, and 9 h of challenge of T. pyogenes (Figure 1B). The average mortality
rates were about 10%, 30%, and 40% at 3 h, 6 h, and 9 h, respectively. Comparing 3 h, 6 h, and 9 h, it
is not difficult to find out that the cell death rates of the standard strain and TP1801 to TP1805 have
significantly increased with the extension of time. The mortality of cells challenged by
TP1806-TP1808 increased significantly at 6 h, but there was no significant change between 6 h and 9
h. The mortality of TP1806-TP1808 increased significantly at 6 h, but there was no significant
change between 6 h and 9 h. In each time period, TP1804 had a particularly strong virulence
causing the highest cell death rate among all T. pyogenes strains. The cell death rates of the standard
strains, TP1801, TP1802, and TP1805 were at an intermediate level among all strains and TP1803
caused the the lowest cell mortality. Figure 1E is exhibited as an evidence that TP1804 infection
increased the cell death rate significantly, which LGR-1 protection had decreased the cell death rate.
However, there was statistic difference between control cells and LGR-1 protected cells.

The number of adherent T. pyogenes was 1.63 x 104 + 2.08 x 103 CFU (means + SEM) after BEECs
were exposed to TP1804 (Figure 1D). With the LGR-1 was pre-applied to BEECs, the number of
adherent T. pyogenes was statistically significant decreased, which the number was 6.9 x 103 + 6.56 x
102 CFU (means * SEM). Both T. pyogenes and LGR-1 adhere to the surface of BEECs.
Pre-incubation LGR-1 before 3 h of TP1804 challenge demonstrated, compared with TP1804 treated
alone, the adhesion rate of TP1804 was reduced nearly 60%, which is indicating that LGR-1
significantly inhibited a certain extent of adhesion of T. pyogenes to BEECs.

3.1.3 Lactobacillus rhamnosus GR-1 attenuates the BEECs damage caused by T. pyogenes

In order to observe the changes in cell morphological structure and the degree of damage to
cells produced by T. pyogenes, the pictures of cellular changes after challenge 9 h were taken by
general light microscope (Figure 2C). Cells with no treatment clearly exhibited typically polygonal
epithelial cell characteristics which were evenly tiled on the same layer with complete morphology
and very tightly connected. In TP1804 treated cells, bacterial membranes were not easily washed
away and short rod-shaped bacteria were seen moving fast. Cell rupture, death, and shedding were
easily observed and about 50% to 60% of the cells fell off. Large gaps, loose arrangement, cell
morphology change, vacuolization, breakage of cell membrane integrity, and the nucleus shrinkage
and deformation were captured with the light microscope. Meanwhile, the cells with LGR-1
pre-applied for 3 h were much improved in morphological changes. The cell rupture and cell death
were mitigated and the shape maintained cobblestone shaped polygon with tight connection
between cells. Cells with LGR-1 treated only had with similar conditions as control cells.

The cell surface damage caused by TP1804 after 9 h infection and the protective effect of LGR-1
on cell damage were observed and imagined via scanning electron microscope (Figure 2A). The
outline of the cell construction was complete and the cell membrane was smoother with
filamentous substance connections between cells without any treatment. Cells connect tightly and
there was no damage found. However, the cells infected by TP1804 were shrunk and the integrity
of cells was ruptured which reflects in cell membrane broken and cell contents extravasated. The
intercellular gap was increased and the interstitial filaments were fractured. The cells with LGR-1
protection were found that the degree of cell shrinkage was relieved compared with the cells

infected by TP1804. Compared with TP1804 challenged cells, individual cell membrane was slightly
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damaged and filamentous substances were still visible between cells. Meanwhile, there was no
obvious difference between cells only affected by LGR-1 and the control. The cell outline was
complete and tightly connected.

Cell internal structure after 9 h of TP1804 infection and protective effects of LGR-1 on cell
damage were executed via a transmission electron microscope (Figure 2B). The morphology and
structure of untreated cells were complete. A large number of intact microvilli were visible on the
cell membrane surface and the tight junction proteins between cells were clear and complete. The
electron density in the cytoplasm and the mitochondrial outline structure were seen relatively
uniform and complete. Nuclear morphology is regular without shrinking and nuclear envelope was
clear. The morphology and structure of the cells challenged by TP1804 were blurred and microvilli
were not visible on the cell membrane surface. A large amount of cell content leaked out of the
cytoplasm. The tight junction proteins between cells were bent, darkened, and severely broken.
Mitochondria were critically damaged and the endoplasmic reticulum was circulated. Obvious
vacuole-like change and shrinkage occur in nuclei accompanied with nuclear envelope contour
blurry and the fusion of nucleus and cytoplasm were observed. The cells protected by LGR-1 still
maintained a certain degree of complete morphological structure and the microvilli was still visible
on the cell surface. Structure and morphology of mitochondria and endoplasmic reticulum
remained valuable. It was more uniform in electron density in the cytoplasm and the tight junction
proteins between cells were clearer compared with cells challenged by TP1804. More importantly,

the condition of nucleus mentioned above has been alleviated considerably.

3.1.4 Pre-treatment of Lactobacillus rhamnosus GR-1 suppresses the activation of NLRP3 and ASC

inflammasomes in BEECs infected by T. pyogenes

In order to investigate whether LGR-1 is able to reduce the inflammatory responses caused by
T. pyogenes, this experiment used western blotting to quantitatively analyze the tightly linked
inflammatory proteins in BEECs, including ASC, NLRP3, and caspase-1 (Figure 3A-C). As shown in
Figure 3A, the expression level of NLRP3 in the cells infected by TP1804 was significantly
up-regulated compared with that in control cells 9 h after challenge (P < 0.01). However, the
expression of NLRP3 in cells treated by LGR-1 alone had a slight increase compared with that of
control cells. Upon the TP1804 challenge, the expression of NLRP3 in the cell protected by LGR-1
was significantly reduced (P < 0.001), which had no statistic difference as that of control cells. As
shown in Figure 3B, the expression of ASC was significantly up-regulated in cells after TP1804
challenge for 9 h compared with control cells (P <0.001), while there was no significant increase in
the cells treated by LGR-1 alone compared with control cells. Comparing with the cells challenged
by TP1804, the expression of ASC in the cells protected by LGR-1 was significantly reduced (P
<0.001) and basically consistent with the cells treated by LGR-1 only. The expression of caspase-1 p
10 protein was also significantly increased in the TP1804 challenged cells (P < 0.001) (Figure 3C). In
contrast, the expression level of caspase-1 p 10 protein in the cells protected by LGR-1 was
considerately reduced (P <0.001) and was slightly higher than that in control cells.

In order to investigate whether LGR-1 is capable to ameliorate the inflammatory responses
caused by T. pyogenes, qPCR was used to quantitatively analyze cytokines in BEECs. After the cells
were challenged by TP1804 for 9 h, the expression levels of IL-1a, IL-1{3, IL-8, CXCL-1/2 were all
increased significantly (Figure 3D-G). There were slight changes in the cells treated by LGR-1 alone
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among these factors. Compared with the cells challenged by TP1804, cells with the protection of
LGR-1 had a significant decrease and were higher than these factors in control cells except for the
CXCL-1/2 factor which was lower than that in control cells without statistical difference (Figure 3F).
With the TP1804 challenge, the expression levels of TNF-a and CXCL-3 in BEECs increased
compared with control cells after 9 h treatment. However, the expression of these two factors in
cells challenged by TP1804 did not show statistically significant modulated compared with these

factors in control cells (Figure 3H, I).

3.1.5 Pre-treatment of Lactobacillus rhamnosus GR-1 reduces the disruption of tight junctions in

BEECs infected by T. pyogenes

In order to investigate whether LGR-1 is bale to improve the damage of tight junction
structures caused by T. pyogenes, western blotting was used to quantitatively analyze the expression
of tight junction proteins in BEECs, including ZO-1, Claudin-1, and Occludin (Figure 4A-C). As
shown in Figure 4A, the expression of Occludin in the BEECs challenged by TP1804 was
significantly lower than that in control cells in 9 h after challenge (P <0.01). LGR-1 alone treated cells
had a slight decrease compared with control cells. Compared with the cells challenged by TP1804,
the expression of Occludin in the LGR-1 protected cells increased significantly, but it was still lower
than that control cells.

The expression of Claudin-1 in BEECs infected by TP1804 was significantly lower than that in
control cells after 9 h challenge (P <0.05) (Figure 4B). Compared with control cells, the expression of
Claudin-1 in the cells treated by LGR-1 alone showed a slight increase without significant difference.
The expression of Claudin-1 in the LGR-1 protected cells was significantly higher than that in the
cells infected by TP1804, and was slightly higher than that in control cells.

As shown in the Figure 4C, the expression of ZO-1 was significantly reduced in the TP1804
challenged cells after 9 h (P <0.01). Compared with control cells, the expression in only LGR-1
treated cells had no significant decrease. Compared with the infected cells, the expression of ZO-1
in the LGR-protected cells increased significantly (P <0.01), which was basically the same as that in
control cells.

Immunofluorescence staining of tight junction protein ZO-1 was performed using cell climbing
slides and pictured under a confocal inverted microscope (Figure 4D). In control cells, a complete
green fluorescent bright band is able to be seen along the cell membrane. Compared with control
cells, ZO-1 in the TP1804 challenged cells was severely damaged. Occasionally, there were
intermittent green fluorescent bright dots around the cell membrane. Compared with the TP1804
challenged cells, the damage of the probiotic protected cells has improved to a certain extent, and a
more complete green fluorescent bright band was seen. The expression of ZO-1 in the cells
protected by LGR-1 was not significantly damaged compared with control cells, and a more

complete green fluorescent bright band was visible.

3.1.6 Pre-treatment of Lactobacillus rhamnosus GR-1 decreases apoptosis of BEECs infected by T.
pyogenes
In the study of apoptosis caused by T. pyogenes to cells, western blotting was executed to detect

proteins that are closely related to apoptosis, including BAX, Bcl-2, caspase-3, and cytochrome c. In

Figure 5A, the expression of BAX in the TP1804 challenged cells was obviously up-regulated
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compared with control cells and LGR-1 protected cells with statistically significant difference. In
Figure 5B, the expression of Bcl-2 in the TP1804 challenged cells was down-regulated significantly
compared with control cells. The relative amount of Bax is higher than Bcl-2. However, the
expression of LGR-1 protected cells was higher than that in the cells challenged by TP1804 without
statistically significant difference. Moreover, the expression levels of the caspase-3 p 19 protein
and cytochrome ¢ were increased significantly distinguished between the TP1804 treated cells and
control cells. The LGR-1 had down-regulated the effects of apoptosis caused by T. pyogenes with
P-value < 0.01. However, LGR-1 had no significant influences on the expression of the caspase-3 p
19 protein caused by T. pyogenes (Figure 5C-E).

The pictures are exhibited the DAPI staining of nuclei of BEECs (Figure 5F). In the TP1804
infected cells, the nuclei were shrank and deformed to form an irregular shape with empty spots
compared with control cells. The TUNNEL staining was applied for confirming the BEECs
apoptosis caused by T. pyogenes and the effects of LGR-1 against the T. pyogenes on attenuating the
cell apoptosis (Figure 5G). The photos show that the apparent apoptosis in the TP1804 infected cells

which nuclei are bright and irregular due to the treatment of T. pyogenes.

3.2. Figures and Tables
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Figure 1 Growth and virulence testing of T. pyogenes. (A) Comparison of growth curve results within 27 hours
among clinical isolates and the standard strain of T. pyogenes. (B) Comparison of cytotoxicity of all T. pyogenes
strains on cells at 3h, 6h and 9 h. (C) Growth of TP1804 on blood plate medium for 24 h. Bacteria are punctate
and have hemolytic rings around. (D) BEECs were harvested after Lactobacillus rhamnosus GR-1 pre-protected
for 3 h and T. pyogenes treated 9 h. The adhesion rates were the numbers of adhered T. pyogenes with and
without Lactobacillus rhamnosus GR-1 pre-treated. (E) Comparison of the cytotoxicity of T. pyogenes on cells
directly in 9 h and the cytotoxicity of T. pyogenes after Lactobacillus rhamnosus GR-1 protection in advance. The

mean = SEM of data was shown from three independent repeat. (*P < 0.05, **P < 0.01, ***P < 0.001)
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TP1804

TP1804+LGR

TP1804+LGR

Figure 2 Observation of cells with Lactobacillus rhamnosus GR-1 pre-protection reduces the destruction of
ultrastructural structure damage caused by T. pyogenes using SEM (A), TEM (B), and optical microscope (C).
The surface of cells without any bacterial infection, the damage of cells after 9 h of T. pyogenes infection and the
protection effects of LGR-1 are compared (A). Cells were severely ruptured and the cell microvilli was broken.
Cells were protected with Lactobacillus rhamnosus GR-1 for 3 h in advance and then infected with T. pyogenes for
9 h. The cell status was significantly improved compared with the cells in TP1804 challenged cells. Lactobacillus
rhamnosus GR-1 and T. pyogenes were in black frames. In (B), white arrows indicate tight junction proteins;
black arrows indicate mitochondria; black triangles indicate endoplasmic reticulum; white triangles indicate
nuclear membrane. Normal morphology of cells are shown without infection by bacteria under optical
microscope (C). After 9 h of infection by T. pyogenes, the cells appeared stringed and deformed, and a large
number of cell death. The status of cells protected by Lactobacillus rhamnosus GR-1 for 3 h before infection with
T. pyogenes was much improved compared with that in TP1804 challenged cells. The status of cells treated by

probiotic alone was basically the same as that of control cells.
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Figure 3 Application of Lactobacillus rhamnosus GR-1 in advance limited the extent of T. pyogenes to activate
cellular inflammasomes and cytokines. Western blot analysis of NLRP3 (A), ASC (B), and caspase-1 (C)
expression results after 9 h of T. pyogenes infection on BEECs and the protection of Lactobacillus rhamnosus GR-1.
The mRNA expression levels of IL-1a (D), IL-8 (E), CXCL-1/2 (F), IL-18 (G), TNF-a (H), CXCL-3 (I) of T.
pyogenes infection to BEECs after 9 h. Lactobacillus rhamnosus GR-1 was protected 3 h in advance of T. pyogenes
infection. The mean * SEM of data is shown from three independent repeat. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 4 Protective effects of Lactobacillus rhamnosus GR-1 inhibited the destruction of tight junction proteins
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caused by T. pyogenes. The western blot analysis of Occludin (A), Claudin-1 (B), and ZO-1 (C) of BEECs
infected by T. pyogenes for 9 h and the protection of Lactobacillus rhamnosus GR-1 3 h in advance. In (D), the
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immunofluorescence photographs show comparison of tight junction protein ZO-1 in T. pyogenes destruction

and Lactobacillus rhamnosus GR-1 protection. T. pyogenes was exposed to BEECs for 9 h and Lactobacillus

rhamnosus GR-1 was applied 3 h in advance in the protected cells. The mean * SEM of data was shown from

three independent repeat. (*P < 0.05, **P < 0.01, ***P < 0.001)
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Figure 5 Through Lactobacillus rhamnosus GR-1 protection in advance, the number of apoptotic cells caused by T.
pyogenes and the symptoms of apoptosis significantly reduced. The western blot analysis of BAX (A), Bcl-2 (B),
caspase-3 (C) p-19 (D), and cytochrome c (E) of BEECs infected by T. pyogenes after 9 h. Lactobacillus rhamnosus
GR-1 was applied to BEECs 3 h in advance. The results show that apoptosis induced by T. pyogenes is notable
and Lactobacillus rhamnosus GR-1 had a significant protective effect to reduce the expression levels of
apoptosis-related proteins. The results of DAPI staining (F) and TUNEL staining (G) show the notable apoptotic
differences of the nuclei in control cells and the T. pyogenes infection cells. The mean + SEM of data is shown
from three independent repeat. (*P < 0.05, **P < 0.01, **P < 0.001)

Table 1. Sequencing of virulence gene primers

Primer name Direction Sequence (5’-3")
nanH F CGCTAGTGCTGTAGCGTTGTTAAGT
R CCGAGGAGTTTITGACTGACTTTGT
nanP F TTGAGCGTACGCAGCTCTTC
R CCACGAAATCGGCCTTATTG
PLO F TCATCAACAATCCCACGAAGAG
R TTGCCTCCAGTTGACGCTTT
cbpA F GCAGGGTTGGTGAAAGAGTTTACT
R GCTTGATATAACCTTCAGAATTTGCA
Fim-A F CACTACGCTCACCATTCACAAG
R GCTGTAATCCGCTTTGTCTGTG
Fim-C F TGTCGAAGGTGACGTTCTTCG
R CAAGGTCACCGAGACTGCTGG
Fim-E F GCCCAGGACCGAGAGCGAGGGC
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R GCCTTCACAAATAACAGCAACC
Fim-G F ACGCTTCAGAAGGTCACCAGG
R ATCTTGATCTGCCCCCATGCG

Table 2. Sequences of oligonucleotide primers used for real-time PCR

Primer name Direction Sequence (5’-3")
GAPDH F GTICTTCACTACCATGGAGAAGG
R TCATGGATGACCTTGGCCAG
IL-1ax F TCATCCACCAGGAATGCATC
R AGCCATGCTTTTCCCAGAAG
IL-1B F GGCCGCCAAGATATAACTGA
R GGACCTCTGGGTATGGCTTTC
1L-8 F ACACATTCCACACCTTTCCAC
R ACCTTCTGCACCCACTTTTC
TNF-a F GCCCACGTTGTAGCCAATGTCAAA
R GTTGTCTTTCAGCTTCACGCCGTT
CXCL1/2 F GACCTTGCAGGGGATTCACCTC
R GGTTGAGACACACTTCCTG
CXCL-3 F GCCATTGCCTGCAAACTT
R TGCTGCCCTTGTTTAGCA
Table 3. Detection of virulence genes of T. pyogene
Strain FimA fimC FimE nanH nanP plo
ACTT19411 | - + + + + +
TP1801 + + + + + +
TP1802 + + + + + +
TP1803 + + + + + +
TP1804 + + + + + +
TP1805 + + + + + +
TP1806 + + + + + +
TP1807 + - + + + +
TP1808 + - + + + +

4. Discussion

T. pyogenes is considered to be closely associated with purulent uterine mucus. All T. pyogenes
clinical isolates in this study were derived from uterine lavage fluid of cows with endometritis. E.
coli was isolated from the uterine lavage fluid of both healthy cows and cows with endometritis,
further explaining that the properties of uterine secretions are related to T. pyogenes but not related
to E. coli. Indeed, no T. pyogenes has been isolated from healthy cows. However, T. pyogenes enters
the uterus of cows with weak resistance or disordered bacteria and becomes the dominant bacteria,
which causes cows endometritis. This phenomenon further proves that T. pyogenes is closely related
to the occurrence of endometritis in dairy cows rather than E. coli. The high isolation rate of T.

pyogenes from cows with endometritis and its relationship with purulent uterine mucus in this
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study also indicate the importance of T. pyogenes in the etiology of endometritis. However, T.
pyogenes is not the only factor in the cow uterine infection. To some extent, diseased cows may be
infected with more than one pathogenic bacteria, and the interaction of pathogenic microorganisms
may also promote the development of endometritis.

The restriction of LGR-1 to T. pyogenes is a complex and comprehensive process. Based on our
experiment, the LGR-1 as probiotic has the capability to reduce nearly 60% of the adhesion of T.
pyogenes, thereby to extenuate the cell destructions caused by T. pyogenes. The further effects of
LGR-1 are to inhibit the T. pyogenes-induced cellular inflammasome responses and the destructions
of cell ultra-structure, thereby reducing the occurrence of cell apoptosis.

The expression of inflammatory factors in the cells protected by LGR-1 was significantly
suppressed, indicating that LGR-1 significantly alleviated the over-expression of inflammatory
factors caused by T. pyogenes. The anti-inflammatory effect of LGR-1 may be related to the lactic
acid produced by itself. Lotscher et al. reported that in vivo tests of pancreatitis and acute hepatitis
in mice, intraperitoneal and subcutaneous injection of appropriate amounts of lactic acid can
significantly reduce the inflammatory response [50]. The presence of LGR-1 inhibited the protein
expression of the NLRP3 inflammasome pathway, thereby alleviating the inflammatory damage
caused by T. pyogenes to a certain extent. Hoque et al. showed that after lactic acid has bound to the
G protein coupled receptor GPR81 protein, it inhibits NLRP3 activation and IL-1 expression
through negative feedback regulation [51]. TNF-a and CXCL-3 showed a slight increase with no
significant change in expression after TP1804 challenge. In vitro [16] and in vivo [52] studies
provided evidence that CXCL3 plays a integrative role in uterine inflammation in cows [53].
Nevertheless, the biological significance of CXCL3 is not fully understood, as CXCL3 is
constitutively secreted by epithelial cells also in the absence of inflammation [54].

NLRP3 is activated by a wide variety of stimuli, including pore-forming toxins, extracellular
adenosine triphosphate, RNA-DNA hybrid molecules, and pathogens [55]. Caspase-1 is thought to
be activated by a proximity-induced dimerization and autoproteolytic process in the NLRP3/ASC
complex platform [56]. Active caspase-1 cleaves pro-IL-13 and pro-IL-18 into mature IL-1p and IL-18,
which are essential for coordination of immune responses to pathogen infection through allograft
neutrophil sequestration, mononuclear phagocyte recruitment, and T-cell activation [57]. In this
study, we also found the high connectivity of inflammatory proteins and inflammatory factors. The
previous studies in our laboratory have shown that Lactobacillus rhamnosus GR-1 inhibited
ASC-dependent NLRP3 activation, thereby improving inflammatory damage caused by E. coli [58].
A major challenge is to identify as early as possible the precise molecular mechanisms that regulate
normal inflammation in healthy animals and those which signal pathological inflammation in cattle
susceptible to clinical endometritis [2]. In this study, the expression of ASC, NLRP3, and caspase-1
quantitatively detected by western blotting was increased significantly after 9 h of TP1804 challenge.
Application of LGR-1 in advance significantly decreased the expression of inflammatory proteins
and relieved the inflammatory damage of cells. It shows that the model of endometrial
inflammation induced by T. pyogenes in BEECs is successful and LGR-1 is able to effectively relieve
inflammatory damage. Furthermore, the expression of cytokine mRNA was detected by qPCR also
demonstrating that the downstream pathway of inflammatory damage of cells is related to the
regulation of LGR-1. The results show that IL-1a, IL-1p3, IL-8 and CXCL-1/2 all increased
significantly after TP1804 challenge which has basically matched the results of some research

reports. The activation expression of IL-1p is closely related to the formation of the upstream
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inflammatory protein ASC/NLRP3/caspase-1 complex. The expression of IL-1f is directly
proportional to the expression of inflammasomes.

Claudin-1, Occludin, and ZO-1 are three representative tight junction proteins used to detect
the disruptive effect of T. pyogenes on BEECs. One of the key functions is to maintain adjacent cells
close enough to each other to avoid the free passage of microorganisms across the paracellular
space [59, 60]. Through our experiment, it is easily to conclude that T. pyogenes adheres to the cell
surface in the initial stage of invading cells and then causes inflammatory response activated and
destroys the tight connection of cells, thereby further damaging the cell integrity and functionality.
The tight connection between the endometrial epithelial cells in direct contact with the uterine
cavity and the mucus in the uterine cavity together form the protective layer of the uterus. T.
pyogenes infection caused damage to tight junctions and apoptosis and shedding of epithelial cells
leading to postpartum endometritis.

At present, the use of probiotic instead of antibiotics to treat bacterial infections has become a
research hot spot. Based on the previous research in our lab, a commercial probiotic LGR-1 isolated
from female vagina was used to inhibit and alleviate the damage of BEECs caused by T. pyogenes in
this study. It may be because the surface protein component of LGR-1 can bind to the receptors that
identified in the bacterial cell extracts as a glycolipid-binding protein [61, 62] and compete for
preemption of adhesion sites to reduce the damage by inhibiting the colonization of purulent
cryptic bacteria on the surface of BEECs. The results of western blotting of Claudin-1, Occludin,
and ZO-1 and the observation under a light microscope indicate that LGR-1 significantly alleviated
the damage and effectively protected the cell structure from the infection of T. pyogenes and reduced
the cell death rate. Quantitative detection of the expression levels of tight junction proteins of
BEECs markly reflects whether the physical barrier structure of epithelial cells is firm.

The western blotting results are verified by immunofluorescence results and the integrity of
tight junction proteins was observed more intuitively. After the tight junction proteins of the cells
were destroyed by TP1804, tight junction proteins were unable to form continuous protection
around cells and other parts of BEECs were further damaged by bacteria and eventually led to cell
death. However, in LGR-1 protected cells, the condition of ZO-1 protein was significantly improved
and the cell structure was relatively complete. This protective effect may be due to the adhesion of
LGR-1, which makes it compete with TP1804 and reduce the colonization of TP1804 on the surface
of BEECs. LGR-1 pre-incubation reduces the damage of BEECs and the destruction of tight junction
proteins between cells caused by TP1804, thereby protecting the endometrium and reducing the
endometritis incidence.

Scanning electron microscopy and transmission electron microscopy were used to observe the
ultrastructure of the surface and interior of different treated cells. Under transmission electron
microscopy, destruction of mitochondria, circularization of the endoplasmic reticulum, vacuole-like
changes in the nuclei, and blurred nuclear membrane boundaries were observed in BEECs infected
by TP1804 after 9 h. The results of western blotting showed the increased expression of BAX,
cytochrome ¢, and caspase-3 p19 proteins but the decreased expression of Bcl-2 protein after T.
pyogenes infection.  Bcl-2 can form dimers with pro-apoptotic Bax. The relative amount of Bax is
higher than Bcl-2, thereby promoting cell death. These phenomena proved that BEECs have
undergone severe apoptosis during T. pyogenes infection. However, LGR-1 pretreatment alleviated
cell apoptosis. Indeed, lipopeptides of some lines of bacteria were shown to increase apoptosis [63,

64]. T. pyogenes may induce the apoptosis which is activated by caspase family pathway and LGR-1
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provides an effectively protection on apoptosis. In addition, the members of the Bcl-2 family are a

group of crucial regulatory factors in apoptosis [65].

5. Conclusions

In conclusion, T. pyogenes is able to inhibit the expression of tight junction proteins ZO-1,
Claudin-1, and Occludin, damage the tight junction structure between cells, destroy the integrity of
BEECs. In addition, apoptosis induced by T. pyogenes was found after TP1804 infection. The
application of LGR-1 relieves the destruction of BEECs caused by T. pyogenes and attenuates the
degree of apoptosis induced by T. pyogenes. Our findings suggest that LGR-1 might be used as a new
strategy for prevention and treatment of bovine postpartum endometritis. The determination of the
method of administration of LGR-1 (uterine catheter administration, oral administration, etc.),
dosage, and administration time requires further in vivo and in vitro studies in conjunction with the
reproductive cycle of dairy cows.
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