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Abstract

Background and Purpose: Escherichia coli is a common mastitis-causing pathogens and is destructive to the blood-milk barrier.
Oral administration of Lactobacillus casei Zhang (LCZ) could alleviate mice mastitis. However, its prophylactic effect and
mechanism through intramammary injection on E. coli-induced mastitis is unclear now. Here, we investigate this using E. coli-
induced mastitis model. Experimental Approach: Prophylactic effects and mechanism of intramammary injection of LCZ on
blood-milk barrier and inflammation were studied in both bovine mammary epithelial cells (BMECs) and pregnant mice. Key
Results: In vitro tests revealed that LCZ significantly inhibited the adhesion of E. coli to monolayer cells, reduce the damage of
cell desmosomes, up-regulated the expression of tight junction proteins (claudin-1, claudin-4, occludin, and ZO-1), and down-
regulated the expression of inflammatory cytokines (TNF-α, IL-1β, and IL-6) thereby enhancing the trans-epithelial electric

resistance of monolayer BMECs and effectively protecting cells from damage caused by E. coli. In vivo experiments suggested

that LCZ significantly promoted the expression of tight junction proteins (claudin-3, occludin, and ZO-1) but significantly

inhibited the expression of inflammatory cytokines (TNF-α, IL-1β, and IL-6) in mouse mammary tissue, thereby decreased

disruption in mammary tissues, infiltration of inflammatory cells in E. coli-induced mastitis. Conclusions and Implications:

In our study, LCZ ameliorates blood-milk barrier disruption and suppresses the inflammatory response during E. coli-induced

mastitis, indicating LCZ may serve as a effective prophylactic agent to preserve the blood-milk barrier function during mastitis.

INTRODUCTION

Bovine mastitis is a common disease on dairy farms and leads to enormous economic losses worldwide
(Angelopoulou et al., 2018; Sathiyabarathi et al., 2016). Escherichia coli is one of the most common mastitis-
causing pathogens and often leads to acute mastitis with a severe inflammatory response that damages the
blood-milk barrier. The abuse of antimicrobials in food animals has attracted public attention as concerns
relating to antimicrobial residues and anti-microbial resistance in bacteria have increased because of the
increased use of antimicrobials (Muziasari et al., 2016; Lhermie et al., 2016). Therefore, there is an urgent
need to find new potential non-antimicrobials for mastitis prevention.

Lactobacillus is a probiotic that plays an important role in the immunity and health of animals. Their
probiotic properties play an important role in regulating gut microbiota (Igor et al., 2019), relieving intestinal
diseases (Sanders et al., 2019), and enhancing body immunity (Garcia-Castillo et al., 2019) in addition to
other functions (Li et al., 2017; da Costa et al., 2019). Lactobacillus is known to protect hosts during
intramammary infection in both humans and cows by oral or intramammary administration (Fernández
et al., 2016; Arroyo et al., 2010; Jiménez et al., 2008), but the underlying mechanism of this protective
effect remains unclear. Intramammary injection of drugs is the most common and effective way for treating
bovine mastitis in practice, as intramammary injection of some Lactobacillus strains can effectively alleviate
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clinical symptoms of bovine mastitis (Ignacio et al., 2015; Pellegrino et al., 2017; Kitching et al., 2019). Oral
administration of Lactobacillus casei Zhang (LCZ ) isolated from naturally fermented mare’s milk is effective
for alleviating the clinical symptoms of mastitis in mice (Ma et al., 2018). However, whether intramammary
injection of LCZ has a prophylactic effect on mastitis, as well as its underlying mechanism, remains unclear.
Here, we studied the prophylactic effect of LCZ by intramammary injection onE. coli -induced mastitis.

METHODS

Bacterial strains and growth conditions

Lactobacillus casei Zhang (provided by Inner Mongolia Agricultural University Key Laboratory of Dairy
Biotechnology and Engineering, Inner Mongolia, China) was grown in De Man, Rogosa, and Sharpe (MRS)
broth (Solarbio Life Science, Beijing, China) at 37 under microaerophilic conditions. The isolate of E. coli
ATCC 25922 (China General Microbiological Culture Collection Center, Beijing, China) was incubated in
Tryptone Soya Broth (TSB, Solarbio Life Science, Beijing, China) at 37. For all treatments, E. coli and LCZ
were plated on Tryptose Soya Agar (TSA, Solarbio Life Science, Beijing, China) and MRS agar (Solarbio Life
Science, Beijing, China), respectively, after serial dilution and quantified by determination of colony-forming
units (CFU).

Cell culture

Bovine mammary epithelial cells (BMECs; provided by Yangzhou University, College of Animal Science and
Technology Feed Engineering Technology Research Center, China) were cultured in DMEM-F12 medium
(ThermoFisher Scientific, Waltham, MA, USA) containing 10% FBS (ThermoFisher Scientific, Waltham,
MA, USA), 1% penicillin and streptomycin (Beyotime Biotechnology, Shanghai, China), 15 ng/mL EGF
(PeproTech, Cranbury, NJ, USA), 1% non-essential amino acids (ThermoFisher Scientific, Waltham, MA,
USA), and 1% insulin-transferrin-selenium (ThermoFisher Scientific, Waltham, MA, USA) at 37 in an at-
mosphere of 5% CO2 and 95% air at 95% relative humidity. Briefly, BMECs (5 x 105) were seeded onto
six-well cell-culture plates in the aforementioned medium for 48 h and were then cultured in DMEM-F12
medium containing 5% FBS, 1% penicillin and streptomycin, and 1% ITS for 72 h to achieve a polarized and
differentiated state. Before treatments, the medium was changed into DMEM-F12 alone, and bothE. coli
and LCZ were diluted by DMEM-F12. Cells were randomly treated under one of four conditions as follows:
(i) Control group (DMEM alone); (ii) 1 x 103 CFU E. coli treatment for 3 h (E. coli group); (iii) 1 x 105

CFU LCZ pretreatment for 5 h, followed by 1 x 103 CFU E. coli treatment for 3 h (LCZ + E. coli group);
and (iv) 1x 105 CFU LCZ treatment for 5 h (LCZ group). At 3 h after pretreatment, the cells were washed
three times with PBS (ThermoFisher Scientific, Waltham, MA, USA) and exposed to E. coli .

Cell death assay

Cell death was measured using the lactate dehydrogenase (LDH) method through a Cytotox 96 cytotoxicity
assay (Solarbio Life Science, Beijing, China) per the manufacturer’s manual.

Adhesion assay

The BMECs were washed with PBS three times, and one milliliter triton-X-100 (0.5% V/V, Solarbio Life
Science, Beijing, China) was added in each well after incubation with LCZ or E. coli . The cells were
scraped off, and the lysate was transferred to a 1.5-mL centrifuge tube after 10 min of stabilization at room
temperature.E. coli and LCZ were plated on TSA and MRS agar, respectively, after serial dilution and were
quantified by determination of CFU.

Measurement of the trans-epithelial electric resistance

To measure the trans-epithelial electric resistance (TEER) of monolayer BMECs, BMECs were seeded to con-
fluence on transwell inserts (membrane area 0.33 cm2, pore size 0.4 μm, Corning, NY, USA) and a polarized
and differentiated state was achieved within 5 days after seeding. TEER was measured immediately after
different treatments with a Millicell Electrical Resistance System-2 (Millipore, MA, USA). Measurements of
TEER were made three times per well and expressed as Ω[?]cm2 after subtracting the filter resistance value.
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The results of TEER were expressed as change of TEER (TEER of monolayer cells after treatments - TEER
of monolayer cells before treatments).

Animals

Pregnant CD-1 mice (8–10 days in lactation; 50 ± 5 g; purchased from SPF Biotechnology Co., Ltd, Beijing,
China) were housed at room temperature with a 12 h light/12 h dark cycle and had free access to food and
water in China Agricultural University Laboratory Center (Beijing, China). All animal care and experimental
protocols in the study were conducted in accordance with the animal ethics committee of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (GB14925-2010, China). Twenty
mice were randomly treated under one of four conditions as follows: (i) Control group (PBS alone); (ii) 1 ×
103 CFU E. coli treatment for 12 h (E. coli group); (iii) 1 × 105 CFU LCZ pre-injection for 24 h, followed
by 1 × 103 CFUE. coli treatment for 12 h (LCZ + E. coli group); and (iv) 1× 105 CFU LCZ treatment
for 24 h (LCZ group). Both LCZ and E. coli were diluted by PBS. Mice were anesthetized with Zoletil 50
(Virbac, Barneveld, France), and all treatments were conducted through intramammary injection via the
teat canal of the fourth teat. E. coli was injected 24 h after LCZ pretreatment. After treatments, the mice
were sacrificed by cervical dislocation, and the mammary tissues were collected.

Histopathology

The general condition of each mammary tissue of mice was assessed by clinical scoring. The clinical score
ranked from 1 to 5, with higher scores corresponding to greater degrees of tissue damage. Specifically, 1
indicated no damage, 2 indicated slight redness, 3 indicated redness and slight bleeding, 4 indicated redness
and bleeding, and 5 indicated redness and obvious bleeding.

The mammary tissues were fixed in 4% cell tissue fixative (Solarbio Life Science, Beijing, China) immediately
after the mice were sacrificed. Tissues were embedded in paraffin and sliced into 5-μm slices. To evaluate
histological changes, tissues were stained with hematoxylin-eosin and observed under a microscope. The
semi-quantitative scoring was performed using a histological score based on the following criteria. The
histological score ranged from 1 to 5, and higher scores corresponded to greater degrees of tissue damage.
Specifically, 1 indicated the absence of histological features (e.g., necrosis, neutrophils, and lymphocytes),
2 indicated minimal histological features (i.e., individual neutrophils), 3 indicated mild histological features
(i.e., a small amount of neutrophils), 4 indicated moderate histological characteristics (i.e., many neutrophils
and slight damage to glandular structure), and 5 indicated severe histological characteristics (i.e., a large
number of neutrophils and severe damage to glandular structure). Both clinical and histological scoring was
made by experienced veterinary pathologists who were blinded to treatments.

Immunofluorescence

Two mammary tissue blocks (0.3 cm3) were immediately sampled after the mice were sacrificed and then
stored in liquid nitrogen for tissue immunofluorescence. Briefly, 5-μm cryosections of mammary glands were
fixed with 4% paraformaldehyde in PBS for 40 min at room temperature, followed by incubation with PBS
containing 5% BSA (ThermoFisher Scientific, Waltham, MA, USA) to block nonspecific interactions and
then treatment with primary antibodies diluted by BSA overnight at 4 . After washing with PBS, the sections
were exposed to secondary antibodies and diluted by 5% BSA for 1 h at room temperature. Controls were
treated in the same manner, except that primary antibodies were not applied. After washing with PBS and
staining with DAPI for 5 min, images of stained sections were obtained using a fluorescence microscope.

Transmission electron microscope analysis

Two mammary gland tissue blocks (10 mm3) collected from each mouse were immediately stored in centrifuge
tubes and filled with electron microscope fixative for transmission electron microscopy (TEM) (Gang et al.,
2019). Briefly, cell samples were harvested and filled with an electron microscope fixative for TEM. Both
tissue and cell samples were dehydrated with ethanol (30, 50, 70, 80, 90, and 100% ethanol) with 15 min
per step at room temperature. Cells were then embedded in epoxy resin acetone mixtures (2:1) for 2 h
and in pure resin at 37 °C overnight. Next, ultra-thin sections were cut using an ultramicrotome (Leica
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EM, Germany), stained with 1% uranyl acetate and lead citrate, and examined with TEM (Hitachi H-7650,
Japan).

Western blot analysis

Both BMECs and mammary tissue samples were obtained after treatment, and whole protein was extracted
using a Total Protein Extraction Kit (Beyotime Biotechnology, Shanghai, China). The protein concentra-
tions were determined using a BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China). Each
sample (40 μg of total protein) was separated by 12% SDS polyacrylamide gels and transferred onto PVDF
membranes (Bio-Rad, CA, USA). The membranes were blocked with 5% BSA in 0.05% Tris-buffered saline
with Tween (TBST, Nobleryder, Beijing, China) overnight at 4. The membranes were then incubated with
primary antibodies (ZO-1, claudin-1, claudin-4, and occludin for BMECs, 1:500 dilution, Bioss Antibodies,
Beijing, China; ZO-1, claudin-3, and occludin for mice mammary tissue, 1:2000 dilution, Abcam, Cambridge,
UK) at room temperature for 3 h. After washing with TBST, incubation with secondary antibodies (1:1000
dilution, CoWin Biosciences, Beijing, China) was performed for 1 h at room temperature. Protein bands
were visualized using a Beyo Enhanced Chemiluminescence Reagent Kit (Solarbio Life Science, Beijing,
China). The volume of the protein bands was measured by MultiImager (Bio-Rad Gel Doc XR, CA, USA)
and ImageJ software (National Institutes of Health, Bethesda, MD, USA).

ELISA assay

The expression of TNF-α, IL-6, and IL-1β in BMECs and mammary tissues of mice was quantified using
bovine ELISA kits (DG Biotech, Beijing, China) and mouse ELISA kits (ThermoFisher Scientific, Waltham,
MA, USA), respectively.

Statistical analysis

All data analyses were performed in SAS 9.2 (SAS Institute Inc., NC, USA), and graphs were produced
with Origin 8.0 (Origin Lab, MA, USA). Data were presented as mean ± SEM. Analysis of variance was
performed using the ANOVA procedure in SAS 9.2. If the differences between treatments were significant,
multiple comparisons were performed using the Tukey method. Statistical significance was considered P <
0.05.

Material

MRS broth, TSB, TSA, MRS agar, 4% cell tissue fixative and Beyo Enhanced Chemiluminescence Reagent
Kit were all purchased from Solarbio Life Science (Beijing, China). DMEM-F12 medium, FBS, 1% non-
essential amino acids, 1% insulin-transferrin-selenium, PBS, BSA, and mouse TNF-α, IL-6, and IL-1β ELISA
kits were all purchased from ThermoFisher Scientific (Waltham, MA, USA). 1% penicillin and streptomycin,
Total Protein Extraction Kit, and BCA Protein Assay Kit were purchased from Beyotime Biotechnology
(Shanghai, China). Bovine TNF-α, IL-6, and IL-1β ELISA kits was purchased from DG Biotech (Beijing,
China), 15 ng/mL EGF was purchased from PeproTech (Cranbury, NJ, USA), and TBST was purchased
from Nobleryder (Beijing, China). Primary antibodies for western blot (ZO-1, claudin-1, claudin-4, and
occludin for BMECs) were purchased from Bioss Antibodies (Beijing, China), and ZO-1, claudin-3, and
occludin for mice mammary tissue were purchased from Abcam, (Cambridge, UK). All secondary antibodies
for western blot were purchased from CoWin Biosciences (Beijing, China).

RESULTS

Effect of LCZ on cell growth and the blood-milk barrier

E. coli caused a significantly higher LDH release compared with other groups. No significant difference in
LDH concentration was observed in the LCZ + E. coli and LCZ groups compared with the Control group
(Figure 1A).

The change in TEER in BMECs treated with E. coli was negative and significantly lower than that of the
other groups; specifically, the change in TEER was negative in the LCZ + E. coli group but significantly
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less negative compared with the change in TEER observed in the E. coli group. In addition, the change of
TEER in the LCZ group was significantly higher than that of the Control group (Figure 1B).

The desmosome structure in the E. coli treatment group was severely damaged and blurred, as illustrated
by TEM. Meanwhile, the degree of damage to the desmosome structure alleviated was noticeably greater in
the LCZ + E. coli group compared with the E. coli group. Moreover, the desmosome structure in the LCZ
group was clearly visible under TEM, and no clear difference was detected compared with the Control group
(Figure 1C).

Effect of LCZ on the adhesion rate of E. coli to BMECs

The adhesion rate of E. coli to monolayer BMECs in the LCZ +E. coli group was significantly lower than
that of the E. coli group. In addition, the adhesion rate of LCZ to monolayer BMECs was significantly lower
than that of E. coli (Figure 2).

Effect of LCZ on the expression of the tight junction proteins of BMECs

The expression of tight junction proteins of BMECs, such as claudin-1, claudin-4, occluding, and zonula
occludins-1 (ZO-1), were significantly down-regulated by E. coli compared with other groups (Figure 3).
Meanwhile, the expression of the four proteins was significantly up-regulated in the LCZ + E. coli group
relative to the E. coli group. The expression of ZO-1 in the LCZ group was significantly higher than the
expression of ZO-1 observed in the Control group; no significant differences were detected in the expression
levels of the other three proteins compared with the Control group.

Effect of LCZ on the transcriptional levels of inflammatory cytokines of BMECs

The effect of LCZ on the transcriptional levels of inflammatory cytokines of BMECs is shown in Figure
4. The expression of TNF-α, IL-6, and IL-β was significantly up-regulated in the E. coli group relative to
other groups. Although the expression levels of three inflammatory cytokines in the LCZ + E. coli group
were significantly higher than those observed in the Control and LCZ groups, the expression levels of these
cytokines were all significantly lower in these three groups relative to the E. coli group.

Effect of LCZ on E. coli-induced impairment of mammary tissue in mice

The mammary tissues in the Control and LCZ groups were smooth and white without any redness or swelling
(Figure 5A). Redness and bleeding were visible in the E. coli group; however, in the LCZ + E. coli group,
the redness and hemorrhage of the mammary tissue of mice were visibly relieved. A significant reduction in
the injury score was observed in the LCZ + E. coli group compared with the E. coli group. No significant
difference in the injury score was observed among the LCZ + E. coli , LCZ, and Control groups.

No visible pathological damage was observed in the mammary acinar structure of the mice in the Control
and LCZ groups. However, observable pathological injury was evident in mammary acini in the E. coligroup.
In addition to damage to mammary acini structure, there was a large number of neutrophils in the alveolar
lumen; in contrast, in the LCZ + E. coli group, damage to the mammary acinar structure and the number
of neutrophils were visibly alleviated. A significant decrease in the histological score was observed in the
LCZ + E. coli group relative to the E. coli group. No significant difference in the injury score was detected
between the LCZ and Control groups.

Effect of LCZ on the tight junction structure of mammary tissue in mice

The tight junction structure in the E. coli group was severely damaged, and the structure under TEM was
blurred (Figure 6). However, the damage of tight junction structure in the LCZ + E. coli group was visibly
alleviated. In addition, the tight junction structure in the LCZ group was clearly visible under TEM, and
no observable differences were noted compared with the Control group.

Effect of LCZ on the expression of tight junction proteins of mice mammary tissue
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Tight junction proteins in mice mammary tissue, such as claudin-3, occludin, and ZO-1, were clearly localized
on the interstitial side, including the intercellular regions of the neighboring alveolar epithelial cells, before
E. coli injection (Control group). However, in the E. coli group, these three proteins were distributed in
parts of the mammary alveolar lumen. The claudin-3, occludin, and ZO-1-positive reactions in the alveolar
lumen were promoted in mice in the LCZ + E. coli group. In the LCZ group, these three proteins were
all clearly localized on the interstitial side, and no visible differences were noted compared with the Control
group (Figure 7A, 7B, and 7C).

As shown in Figure 7D, the expression levels of tight junction proteins, such as claudin-3, occludin, and
ZO-1, in the mammary tissues of mice were significantly down-regulated in the E. coli group compared with
the other groups. The expression levels of the three proteins were significantly up-regulated in the LCZ +
E. coli group relative to the E. coli group. No significant differences in the expression levels of the three
proteins were noted between the LCZ and Control groups.

Effect of LCZ on the transcriptional levels of inflammatory cytokines of mice mammary tissue

The effect of LCZ on the expression levels of inflammatory cytokines of mice mammary tissue is shown in
Figure 8. The expression levels of TNF-α, IL-6, and IL-1β in the E. coli group were significantly up-regulated
compared with the LCZ + E. coli group. Significant up-regulation was also observed in the expression levels
of IL-1β in the LCZ group compared with the Control group; however, no significant differences were observed
in the expression levels of IL-6 and TNF-α.

DISCUSSION

LCZ has a promising prophylactic effect against several inflammatory diseases (Zhang et al., 2017; Wang et
al., 2013; Wang et al., 2016), and recent research has shown that the oral administration of LCZ can have a
prophylactic effect against E. coli mastitis in mice (Ma et al., 2018). Here, we performed both in vitro and in
vivo tests to characterize the prophylactic effect of LCZ on E. coli -stimulated BMECs and mice mammary
injury as well as elucidate its underlying mechanism. Our study showed that LCZ pretreatment could
significantly ameliorate the injury of BMECs induced by E. coli , which is consistent with the findings of
previous studies (Dinić et al., 2017; Wang et al., 2018; Chen et al., 2017). We also explored the prophylactic
effect of LCZ on E. coli- induced mastitis in mice by intramammary injection. We found that pre-injection
of LCZ could reduce the number of neutrophils and relieve damage to mammary tissue, which was also
consistent with the results of our in vitro test. Recent studies have shown that intramammary injection of
Lactococcusdoes not cause inflammatory reactions. After intramammary injection ofLactococcus , immune
proteins, such as the acute phase proteins haptoglobin and milk amyloid A, in mammary glands of healthy
Holstein cows were significantly expressed (Crispie et al., 2008; Pyorala 2003; Eckersall et al., 2006), and no
major bovine mastitis pathogen was detected (Pellegrino et al., 2017). Therefore, our findings indicate that
LCZ shows high potential for preventing bovine mastitis, which might be related to its ability to promote
the production of lactic acid, antibacterial peptides, and other beneficial substances (Lebeer et al., 2018).

Several mammary pathogenic bacteria, including E. coli , cause mastitis. During mastitis, the blood-milk
barrier becomes leaky, and molecules can cross the barrier into milk (Lehmann et al., 2013; Nguyen & Neville,
1998). TEER reflects the integrity of the monolayer cells, the ion conductance of the pathway adjacent to
monolayer epithelial cells, as well as the pore size of tight junctions (Zucco et al., 2006). Our study showed
that LCZ pretreatment could significantly mitigate the reduction in TEER caused by E. coli . This result
corroborated the findings of several previous studies showing that Lactobacillus could significantly promote
the TEER of Caco-2 (Horibe et al., 1997) and NCM460 cells (Qiu et al., 2017; Liu et al., 2010). Accordingly,
we propose that LCZ has a positive effect on enhancing the densification of monolayer BMECs. The same
conclusion was obtained based on TEM observations of the desmosome structure between cells.

In exploring the underlying mechanism of the prophylactic effect of LCZ against E. coli- induced cell and
blood-milk barrier damage, we found that LCZ pretreatment could significantly reduce the adhesion rate
of E. coli to BMECs. These results are consistent with recent studies showing that Lactobacillus could
significantly inhibit the adhesion of E. coli toin vitro Caco-2 (Behbahani et al., 2019) and HT-29 cells
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(Dhanani & Bagchi, 2013). Therefore, the prophylactic effect of LCZ on BMECs could thus be mediated by
inhibiting the adhesion of E. coli .

The blood-milk barrier is formed by mammary epithelial cells through special connecting structures, such
as tight junctions. Tight junction proteins, such as claudin, occludin, and ZO-1, are known to maintain
the structure and functional integrity of tight junctions (Guo et al., 2019; Shen et al., 2006). In this study,
we found that LCZ pretreatment could significantly up-regulate the expression levels of the tight junction
proteins of BMECs, which is consistent with the results of the TEER. These results are consistent with those
of Karczewski et al. (2010) and Wang et al. (2018), who found that Lactobacillus plantarum could effectively
promote the expression of occludin and ZO-1 in human intestinal cells as well as claudin-1, occludin, and ZO-
1 in IPEC-J2 cells. Moreover, Johnson et al. (2008) found that Lactobacillus rhamnosus could effectively
promote the protein expression of claudin-1 and ZO-1 in T84 epithelial cells. The results of the western
blot, immunofluorescence, and TEM in vivo test also showed that pre-injection of LCZ could enhance the
tight junction structure and up-regulate the expression of tight junction proteins of mammary alveolar
lumen in mice. This result is also consistent with our in vitro test as well as previous studies, including
Patel et al. (2012), Mennigen et al. (2009), and Karczewski et al. (2010), showing that Lactobacillus can
significantly promote the tightness of the intestinal epithelial barrier both in mice and humans by increasing
the expression levels of tight junction proteins. Consequently, our study indicates that LCZ could promote
the integrity of the epithelial barrier by up-regulating the expression of tight junction proteins in BMECs;
meanwhile, intramammary injection of LCZ could effectively prevent E. coli- induced mastitis of mice from
significantly down-regulating the expression of tight junction proteins in the blood-milk barrier, thereby
alleviating damage to mammary tissue.

Several studies have indicated that pro-inflammatory cytokines act as important regulators in the disruption
of tight junctions induced by inflammation (Schulzke et al., 2009; Zhang et al., 2018). The integrity of the
blood-milk barrier can help mammary epithelial cells resist infection by external bacteria, thereby relieving
the inflammatory reaction. Inflammatory cytokines, such as TNF-α and IL-1β, disrupt tight junctions, and
IL-6 is related to host defense against inflammatory disease (Cheng et al., 2018; Rochfort et al., 2014). Our
study showed that LCZ pretreatment can significantly down-regulate the expression of TNF-α, IL-6, and
IL-1β induced by E. coli . This result is consistent with Wu et al. (2016), who found that Lactobacilluscan
effectively reduce the significant up-regulation of TNF-α, IL-1β, IL-18, and IL-8 mRNA expression caused by
E. coli . Furthermore, previous studies have shown that the inflammatory response can cause a decrease in
the expression of acinar tight junction proteins (Oguro et al., 2011; Hartwig et al., 2003) and thereby affect
barrier function. Our in vitro test showed that LCZ could significantly inhibit the expression of inflammatory
cytokines; consequently, we also measured the expression of inflammatory cytokines in mammary tissue in
mice. We found that pre-injection of LCZ could significantly reduce the expression levels of inflammatory
cytokines. Cytokines are known to play an important role in regulating the inflammatory response of
the mammary gland and have important physiological and pathological effects on the blood-milk barrier.
They can damage tight junction structure, thereby increasing the permeability of the epithelial barrier and
causing pathogens in the acinus to enter the mammary tissue (Bruewer et al., 2006; Shen & Turner, 2006).
Therefore, our study indicates that the prophylactic effect of LCZ was achieved by inhibiting the expression
of inflammatory cytokines in both BMECs and mice mammary tissue.

In conclusion, our study demonstrates that LCZ has a prophylactic effect on E. coli- induced BMEC damage
and mastitis of mice by ameliorating the disruption in the blood-milk barrier disruption and suppressing
inflammatory responses. The mechanism involved included the promotion of the expression of tight junction
proteins by LCZ and the inhibition of the expression of important inflammatory cytokines in both BMECs
and mice mammary tissue. This study provides new insights into the protective effect of LCZ, which may
serve as a effective prophylactic agent to preserve the blood-milk barrier function during mastitis.
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Jiménez, E., Fernández, L., Maldonado, A., Mart́ın, R., Olivares, M., Xaus, J., . . . Rodŕıguez, J. M. (2008).
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Figure Legends

Figure 1: Effect of LCZ on cell growth and the blood-milk barrier. (A) The effect of LCZ on cell viability
was determined by the LDH method. (B) The effect of LCZ on the change of TEER was determined using a
Millicell Electrical Resistance System-2. Change of TEER represents TEER of monolayer cells after treatment
- TEER of monolayer cells before treatment. (C) Transmission electron microscopy (TEM) was used to detect
the structure of desmosomes. Scale bars: 1 μm. Data shown are means ± SEM (n = 9). Means with different
superscripts indicate significant differences (P < 0.05), whereas means with the same superscripts indicate
treatments that are not significantly different (P > 0.05).

Figure 2: Effect of LCZ on the adhesion rate of E. coli to BMECs. The data shown are means ± SEM (n
= 9). Means with different superscripts indicate significant differences (P < 0.05), whereas means with the
same superscripts indicate treatments that are not significantly different (P > 0.05).

Figure 3: Effect of LCZ on the expression of tight junction proteins was determined by western blotting.
Quantification of tight junction proteins was determined by densitometry and was normalized to β-Actin.
Data shown are means ± SEM (n = 9). Means with different superscripts indicate significant differences (P
< 0.05), whereas means with the same superscripts indicate treatments that are not significantly different
(P > 0.05).

Figure 4: Effect of LCZ on the transcriptional levels of inflammatory cytokines of BMECs. Levels of TNF-α,
IL-1β, and IL-6 were measured by ELISA. Data shown are means ± SEM (n = 9). Means with different
superscripts indicate significant differences (P < 0.05), whereas means with the same superscripts indicate
treatments that are not significantly different (P > 0.05).

Figure 5: Effect of LCZ on E. coli -induced histopathological impairment of mammary tissue in mice.
(A) Injury score of mice mammary tissue from the Control (a), E. coli (b), LCZ + E. coli(c), and LCZ
(d) groups. The injury score ranged from 1–5, where 1 indicated no damage, 2 indicated slight redness, 3
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indicated redness and slight bleeding, 4 indicated redness and bleeding, and 5 indicated redness and obvious
bleeding. (B) Histological score of hematoxylin-eosin stained pathological sections from the Control (a),E.
coli (b), LCZ + E. coli (c), and LCZ (d) groups. Hematoxylin-eosin staining of formalin-fixed mammary
gland. Histopathological sections of mammary gland. Scale bars: 100 μm. The histological score ranged from
1–5, where 1 indicated the absence of histological features (e.g., necrosis, neutrophils, and lymphocytes), 2
indicated minimal histological features (i.e., individual neutrophils), 3 indicated mild histological features
(i.e., a small amount of neutrophils), 4 indicated moderate histological characteristics (i.e., many neutrophils
and slight damage to glandular structure), and 5 indicated severe histological characteristics (i.e., a large
number of neutrophils and severe damage to glandular structure). Data shown are means ± SEM (n =
10). Means with different superscripts indicate significant differences (P < 0.05), and means with the same
superscripts indicate treatments that are not significantly different (P > 0.05).

Figure 6: Effect of LCZ on thee tight junction structure of mice mammary tissue. Transmission electron
microscopy (TEM) was used to characterize the structure of the tight junction. Scale bars: 50 μm (A) and
10 μm (B).

Figure 7: Effect of LCZ on the expression of tight junction proteins of mice mammary tissue. (A-C) Effect
of LCZ on the localization of claudin-3, occludin, and ZO-1. Blue shows nuclei (DAPI), red shows claudin-3
and occludin, and green shows ZO-1. Scale bars: 100 μm. (D) Prophylactic effect of LCZ on the expression
levels of the tight junction proteins claudin-3, occludin, and ZO-1 was determined by western blotting.
Quantification of tight junction proteins was determined by densitometry and was normalized to β-Actin.
Data shown are means ± SEM (n = 10). Means with different superscripts indicate significant differences (P
< 0.05), whereas means with the same superscripts indicate treatments that are not significantly different
(P > 0.05).

Figure 8: Effect of LCZ on the transcriptional levels of inflammatory cytokines of mice mammary tissue.
Levels of TNF-α, IL-1β, and IL-6 were measured by ELISA. Data shown are means ± SEM (n = 10).
Means with different superscripts indicate significant differences (P < 0.05), whereas means with the same
superscripts indicate treatments that are not significantly different (P > 0.05).
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