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Abstract Lipopolysaccharide (LPS)-binding protein (LBP)
plays a crucial role in the recognition of bacterial components,
such as LPS that causes an immune response. The aim of this
study was to compare the different effects of recombinant bo-
vine wild LBP and mutant LBP (67 Ala— Thr) on the LPS-
induced inflammatory response of bovine mammary epithelial
cells (BMECs). When BMECs were treated with various con-
centrations of recombinant bovine lipopolysaccharide-binding
protein (RBLBP) (1, 5, 10, and 15 pg/mL) for 12 h, RBLBP of
5 pg/mL increased the apoptosis of BMECs induced by LPS
without cytotoxicity, and mutant LBP resulted in a higher cell
apoptosis than wild LBP did. By gene-chip microarray and
bioinformatics, the data identified 2306 differentially expressed
genes that were changed significantly between the LPS-
induced inflamed BMECs treated with 5 pg/mL of mutant
LBP and the BMECs only treated with 10 pg/mL of LPS (fold
change >2). Meanwhile, 1585 genes were differently expressed
between the inflamed BMECs treated with 5 pg/mL of wild
LBP and 10 pug/mL of LPS-treated BMECs. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses showed that these differentially
expressed genes were involved in different pathways that reg-
ulate the inflammation response. It predicted that carriers of this
mutation increase the risk for a more severe inflammatory re-
sponse. Our study provides an overview of the gene expression
profile between wild LBP and mutant LBP on the LPS-induced
inflammatory response of BMECs, which will lead to further
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understanding of the potential effects of LBP mutations on
bovine mammary glands.
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Introduction

Bovine mastitis, caused by a wide array of microorganisms,
including Gram-negative pathogen such as Escherichia coli
(E. coli), is one of the most costly diseases in the dairy indus-
try due to its ability to reduce milk yield and quality (Hu et al.
2016). Lipopolysaccharide (LPS), a component of the outer
membrane of Gram-negative bacteria, has been identified as a
vital virulence factor for mastitis (Ibeagha-Awemu et al.
2008). Lipopolysaccharide-binding protein (LBP), as an
acute-phase protein, was involved in host response to Gram-
negative and Gram-positive pathogens (Rahman et al. 2010).
LBP is a 50-kDa polypeptide synthesized mainly by hepato-
cytes and released into the bloodstream as a 60—65-kDa gly-
cosylated protein (Rahman et al. 2010). It has a dual role
depending on its relatively low or high concentration, and it
augments or downregulates the innate host defense according-
ly (Ding and Jin 2014). Low concentrations of LBP enhance
the LPS-induced immune response, whereas high concentra-
tions of LBP can inhibit LPS bioactivity in vitro and in vivo
(Gutsmann et al. 2001; Kitchens and Thompson 2005). LBP
levels increased in the blood and milk of mid-lactating
Holstein cows when challenged with LPS. Basal levels of
plasma and milk LBP were 38 and 6 pg/ml, respectively.
Plasma and milk LBP levels increased and reached maximal
levels of 138 pug/ml and 34 pg/ml by 24 h following LPS
challenge (Bannerman et al. 2003). The concentrations of
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LBP were greater in the milk and blood of cows with naturally
occurring mastitis than in those with healthy quarters (Zeng
etal. 2009). Serum concentrations of LBP have been shown to
be significantly correlated with serum levels of proinflamma-
tory cytokines (Gonzalez-Quintela et al. 2013). One clinical
study found that genetic variations within the LBP promoter
leading to higher LBP concentrations correlated with suscep-
tibility to Gram-negative infections and worse outcome
(Chien et al. 2008). These data demonstrate that it is meaning-
ful to investigate the utility of LBP, including wild and mutant
LBP, as a biomarker to indicate activation of innate immune
responses to microbial products in mastitis.

LBP binds to the amphipathic lipid A moiety of LPS with
high affinity and presents the LPS to pattern-recognition recep-
tors CD14, initiating signal transduction pathways leading to the
activation of the inflammatory host response (Idoate et al. 2015).
A polypeptide with a threonine (T)-to-methionine (M) mutation
in amino acid 287 of LBP had high anti-endotoxin activity
in vitro and in vivo, which suggested that amino acid 287 in
the C-terminus of LBP may play an important role in LBP bind-
ing with CD14 (Fang et al. 2014). A synthetic peptide containing
the N-terminal tip region of LBP has LPS-blocking activity, sug-
gesting that the LBP binding site for LPS is located in the N-
terminus of LBP (Lamping et al. 1996). The amino acid ex-
change at position 333 of LBP leading to a reduced ability to
recognize pathogenic bacteria via LPS or lipopeptides results in a
diminished inflammatory response after bacterial challenge
(Eckert et al. 2013). Therefore, new findings on natural genetic
variations of LBP leading to functional consequences may help
in further elucidating the mechanism of LBP and its role in innate
immunity and mastitis.

The 3D structure of LBP possesses an unusual boomerang
shape including two apolar pockets, and 67Ala— Thr was in
the apolar pocket near the interface of the barrels and the central
[3-sheet. The motif analysis showed that the mutation of
67Ala— Thr formed a new protein kinase C (PKC) phosphor-
ylation site, which may be involved in phosphorylation bind-
ing. Both 43Ile — Thr and 67Ala— Thr made hydrophobic
amino acids turn into hydrophilic amino acids (Bartel 2004).
Therefore, the mutation of LBP in 67Ala — Thr may affect the
structure of LBP. It is an interesting analysis for the influences
of variations in the LBP gene, having a better understanding of
the effects of LBP mutations on cows’ susceptibility to clinical
mastitis. We hypothesized that genetic variation in the LBP
gene (67Ala— Thr) may disturb the structure of LBP and fur-
ther influence the risk for immune responses.

LBP plays a vital role in modulating the innate immune
response against bacteria, which is a major cause of bovine
clinical mastitis, by two manners: concentration and structure,
however, little is known about the effects of LBP mutation
(67Ala— Thr) on cows’ susceptibility to clinical mastitis.
The aim of this study was to investigate the effects of the
recombinant wild LBP and mutant LBP at the same
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concentrations against LPS-induced inflammatory injury of
the bovine mammary epithelial cells (BMECs), and to clarify
the possible mechanisms.

Material and methods
Cell culture

The study was approved by the Institutional Animal Care and
Use Committee of Nanjing Agricultural University and per-
formed in accordance with the Guidelines for Experimental
Animals of the Ministry of Science and Technology (Beijing,
China). Mammary tissue was collected from healthy, uninfect-
ed Chinese Holstein cows from a local slaughterhouse.
In vitro cultures of BMECSs were prepared in accordance with
the established methods by Dairy Science Institute of Nanjing
Agricultural University (Zhao et al. 2010). The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 4.5 mg/ml glucose and supplemented with 10 %
fetal bovine serum (Life Technologies, Gaithersburg, MD,
USA) and 1 % antibiotic-antimycotic solution (Sigma-
Aldrich, St. Louis, MO, USA) in a humidified incubator, with
5 % CO, at 37 °C. After reaching 80 % confluence, the cells
were removed with 0.25 % trypsin and 0.15 % trypsin plus
0.02 % EDTA.

Recombinant lipopolysaccharide-binding protein
treatment of cultured cells

Recombinant lipopolysaccharide-binding protein (RBLBP),
both wild and mutant LBP, has been overexpressed on an
eukaryotic system by Sangon Biotech Co. Ltd. Wild and mu-
tant LBP genes was synthesized and then cloned to eukaryotic
expression vector pcDNA3.1 (+). The cloning site is Hind I1I/
Xho I. The recombinant plasmid pcDNA3.1 was transfected
into HEK293 cells and the target proteins were produced by
transient expression. RBLBP was expressed in mammalian
cells, HEK293 cells, which ensures the proper folding, glyco-
sylation, gamma-carboxylation, and other post-translational
modification. Therefore, the bioactivity of RBLBP is as much
as possible similar to the native LBP. Flag as protein purifica-
tion tag is added to the C-terminus of LBP. The recombinant
proteins are purified to above 95 % purity, suitable for in vitro
experiments (Sun et al. 2015). The recombinant proteins were
purified and then verified by SDS-PAGE (Fig. 1a) and west-
emn blotting (Fig. 1b). Endotoxin in the purified proteins after
toxin removal was less than 0.1 EU/mg.

RBLBP and LPS (E. coli serotype O55:B5, Sigma-
Aldrich) were diluted in DMEM (1 mg/mL). Prior to LPS or
RBLBP treatment, the BMECs were cultured with serum-free
medium for 24 h. Control cells were incubated in serum-free
DMEM. LPS cells were stimulated with 10 pg/mL LPS.
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LPS+WT-LBP cells were treated first with 10 pwg/mL LPS
followed immediately with increasing concentrations (1, 5,
10, and 15 pg/mL) of wild LBP. LPS+MU-LBP cells were
treated first with 10 pg/mL LPS followed immediately with
increasing concentrations (1, 5, 10, and 15 pg/mL) of mutant
LBP. Then, cells were incubated at 37 °C in 5 % CO2 for 12 h
and than samples were collected.

Identification of bovine mammary epithelial cell

Positive staining of cytokeratin-18 was conducted in the epi-
thelial cells by the immunocytochemical staining method
(Fig. 2). BMECs grew on a sterile microscope coverslip held
in a six-well tissue-culture plate. After reaching 70—80 % con-
fluence, the cells were fixed at room temperature (RT) for
30 min in phosphate-buffered saline (PBS, pH 7.5) containing
4 % paraformaldehyde (w/v) and then transferred to a perme-
abilization solution (1 % Triton X-100, [v/v] in PBS) for
10 min at 37 °C. After blocking for 1 h in PBS supplemented
with 2 % BSA (w/v), the cells were incubated for 4 h at RT
with anti-cytokeratin 18 antibody (1:200; Boster
Biotechnologies, Wuhan, China). The cells were then washed
three times in washing buffer (0.1 % Tween 20 in PBS, v/v)
and incubated for 1 h at RT with goat anti-rabbit IgG-FITC
(1:100; Santa Cruz Biotechnologies, CA, USA). The cells
were then stained with DAPI (Nanjing KeyGEN Biotech.
Co., Nanjing, China) for 10 min, washed three times in wash-
ing buffer, mounted onto slides, and then examined with a
Zeiss LSM700 META confocal laser scanning microscope
(Zeiss, Jena, Germany).

Cell viability assay

After the cells were treated with different concentrations of
RBLBP (1, 5, 10, 15 pg/ml) for 12 h, the medium was

removed and 200 pl of 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) medium (0.5 mg/ml
MTT reagent in fresh medium) was added to each well.
After incubation at 37 °C for 4 h, the MTT reagent was re-
moved and 150 ul of dimethyl sulfoxide (Jiancheng
Bioengineering Institute, Nanjing, China) was added to each
well, followed by 10 min of gentle shaking. Cell viability was
assessed by a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide trypan blue exclusion assay as
the proportion of absorbance values to the control. The absor-
bance was read at a wavelength of 570 nm in a Multiskan
MK3 (Thermo Electron Corporation, USA) as the value ex-
pressing the entity of proliferation.

Analysis of cell apoptosis with flow cytometry

The cells were treated with LPS or RBLBP based on the
experimental requirements. Each treatment was repeated three
times. The cells in each group were collected, and apoptosis
was assayed by an annexin V/PI double staining kit (BD
Pharmingen, CAT: 556547).

RNA isolation

Total RNA was extracted from the BMECs using Trizol re-
agent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s protocol. The absorbance values at 260 and
280 nm were obtained to assess RNA concentration and pu-
rity, respectively, in the samples. RNA integrity was assessed
by electrophoresis on 2 % agarose gels (m/v).

Microarray assay

Gene-chip analysis of the Bovine Genome Array was per-
formed by an outside service provider (Shanghai
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Fig. 2 The isolation and
identification of BMECs. a
Fibroblast emerging from the
tissue margins. b Fibroblasts and
colony epithelial cells. ¢ Purified
epithelial cells obtained over three
passages. d Immunofluorescence
of cytokeratin 18. Scale bar in a
200 pm, b 100 pm, ¢ 50 pm, and
d 20 um

Biotechnology Corporation). Total RNA was extracted using
Trizol Reagent (Cat#15596-018, Life technologies, Carlsbad,
CA, US) following the manufacturer’s instructions and
checked for a RIN number to inspect RNA integration by an
Agilent Bioanalyzer 2100 (Agilent technologies, Santa Clara,
CA, US). Quantified total RNA was further purified by
RNeasy micro kit (Cat#74004, QIAGEN, GmBH, Germany)
and RNase-Free DNase Set (Cat#79254,QIAGEN, GmBH,
Germany). Total RNA was amplified and labeled by Low
Input Quick Amp Labeling Kit, One-Color (Cat#5190-2305,
Agilent technologies, Santa Clara, CA, US), following the
manufacturer’s instructions. Briefly, in the first-strand com-
plementary DNA (cDNA) synthesis reaction, 10 pug total of
RNA was used for reverse transcription using a T7-oligo (dT)
promoter primer. Then, the double-stranded cDNA was syn-
thesized from the first-strand cDNA using RNase H. Labeled
cRNA were purified by RNeasy mini kit (Cat#74106,
QIAGEN, GmBH, Germany). Each Slide was hybridized with
1.65 ng Cy3-labeled cRNA using Gene Expression
Hybridization Kit (Cat#5188-5242, Agilent technologies,
Santa Clara, CA, US) in Hybridization Oven (Cat#G2545A,
Agilent technologies, Santa Clara, CA, USA), according to
the manufacturer’s instructions. After 17 h hybridization,
slides were washed in staining dishes (Cat#121,Thermo
Shandon,Waltham, MA, US) with Gene Expression Wash
Buffer Kit (Cat#5188-5327, Agilent technologies, Santa
Clara, CA, US), following the manufacturer’s instructions.
Slides were scanned by Agilent Microarray Scanner
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(Cat#G2565CA, Agilent technologies, Santa Clara, CA, US)
with default settings, Dye channel: Green, Scan
resolution=5 pum, PMT 100 %, 10 %, 16bit. Data were ex-
tracted with Feature Extraction software 10.7 (Agilent tech-
nologies, Santa Clara, CA, US). Raw data were normalized by
Quantile algorithm, Gene Spring Software 11.0 (Agilent tech-
nologies, Santa Clara, CA, US). The gene expression level
that had a >2-fold difference between BMECS treated with
wild LBP and mutant LBP was checked and further analyzed.
The Molecule Annotation System (http://david.abcc.nciferf.
gov) was used to analyze the differentially expressed genes
using the KEGG public pathway resource and the GO
consortium.

Real-time reverse transcription-polymerase chain
reaction

Reverse transcription-polymerase chain reaction (RT-PCR)
was performed to confirm the microarray results. Total RNA
was extracted from wild LBP- and mutant LBP-treated
BMECs stimulated with LPS, as described above, and total
RNA was reverse-transcribed using a Reverse Transcription
Levels kit (Takara, Dalian, China) according to the manufac-
turer’s protocol. The expression levels were checked for ten
genes. The housekeeping gene 18S ribosomal RNA (rRNA)
was used as the invariant control as it is stable in all cases and
has low regulation by external influences (Wu et al. 2015), so
the background is more stable in RT-PCR. Primers were
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designed using Premier 5.0 and shown in Table 1. RT-PCR
was performed with SYBR Premix Ex Taq (Takara
Biotechnology Co., Ltd., Japan). The reaction solution was
prepared on ice, and consisted of 10 pL of 2x SYBR
Premix Ex Taq, 0.8 uL of PCR forward primer (10 uM),
0.8 uL of PCR reverse primer (10 uM), 0.4 mL of 50x
ROX reference dye, 2 pL of ¢cDNA (100 ng uL™") and
dH,O0 to a final volume of 20 L. The reaction mixtures were
incubated in a 96-well plate at 95 °C for 30 s, followed by
40 cycles at 95 °C for 5 s, 60 °C for 30 s and 72 °C for 30 s. All
reactions were performed in triplicate. The gene expression
levels were analyzed with the 22T method.

Statistical analysis

All data were obtained from one independent experiment car-
ried out in triplicate. The fold changes of genes between wild
LBP and mutant LBP BMECs were calculated using fold
change=2"AACUWT-LBP-MU-LBP) _ )<(A C(WT-LBP) — A C(MU-
LBP) (Livak and Schmittgen 2001). The main and interactive
effects were analyzed by the independent-samples ¢ test using
SPSS 16.0 software. P<0.05 was considered statistically
significant.

Results
Cytotoxicity of RBLBP on BMECs

The results of MTT showed that different concentrations (1, 5,
10, and 15 pug/mL) of RBLBP had no effect on BMEC via-
bility after 12 h and 24 h in vitro treatment (Fig. 3). This
showed that RBLBP has no cytotoxic effect on BMEC sur-
vival in vitro.

RBLBP and LPS-induced inflammatory injury

MTT assays and flow cytometric analysis showed that the cell
viability was reduced and apoptosis was increased after 10 pg/
mL of LPS stimulation for 12 h on BMEC. Therefore, LPS-
induced the inflammatory injury of BMECs. MTT assays
showed that the addition of 1 or 5 pg/mL of RBLBP reduced
the total cell viability of inflammatory BMECs stimulated by
LPS and cell viability was increased at 10 or 15 pg/mL of
RBLBP (Fig. 4a, b). Flow cytometric analysis showed that 1
or 5 ug /mL of RBLBP increased the prevalence of apoptosis
among inflammatory BMECs stimulated by LPS. In contrast,
10 or 15 pg/mL of RBLBP diminished the prevalence of
apoptosis among inflammatory BMECs (Fig. 5a, b).
Therefore, RBLBP regulates the LPS-induced inflammatory
injury of BMECs.

In a comparison to the results of MTT and flow cytometry,
respectively, when inflammatory cells were treated with wild

LBP and mutant LBP at 5 ug/mL, the mutant LBP resulted in
lower viability and higher apoptosis of the cells (Fig. 6a, b),
which may suggest that mutant LBP induced a stronger in-
flammatory response than wild LBP.

Differential gene expression

The global gene expression profiles in BMECs samples
representing mutant LBP-treated and wild LBP-treated cells
were identified with the microarray technique. The total num-
ber of significantly differentially expressed genes when com-
paring LPS+ WT-LBP cells with LPS cells was 1585
(P<0.05), of which 862 genes were highly expressed and
723 were significantly under-expressed (>2-fold). In contrast,
comparison of LPS+MU-LBP cells with LPS cells revealed
that a total of 2,306 genes were significantly regulated
(P<0.05), of which, 1,285 genes were upregulated and 1,
021 were downregulated (>2-fold). Both up- and downregu-
lated genes were showed in Table 2. The global characteristics
of LBP-specific transcriptome profiling showed that the num-
ber of differentially expressed genes was higher for inflamma-
tory cells after the challenge with mutant LBP than with wild
LBP. The genes significantly differentially expressed between
LPS-induced inflammation BMECs treated with wild LBP
and mutant LBP were showed in Table 3. The genes important
for inflammatory response, such as cytokin, transcription reg-
ulators, cytokine receptors, pattern-recognition receptors, and
transcriptional regulators and so on, were regulated differently
on inflammatory BMEC:s treated with wild or mutant LBP.

Results of GO and KEGG analyses

In order to clarify the different biological patterns of the two
groups, genes differently expressed were individually ana-
lyzed using GO and the KEGG, with the criterion for signif-
icance set at P<0.05.

The GO analysis showed that the differently expressed
genes in LPS+WT-LBP cells versus LPS cells (Fig. 7a)
were mainly implicated in the acute-phase response, posi-
tive regulation of the I-xB kinase/NF-kB cascade, positive
regulation of signal transduction, positive regulation of the
cellular biosynthetic process, positive regulation of the re-
sponse to stimulus, the cell cycle, the endomembrane sys-
tem and enzyme activator activity. The differently
expressed genes between LPS+MU-LBP cells and LPS
cells (Fig. 7b) were largely associated with activation of
the immune response, the MAPK kinase kinase
(MAPKKK) cascade, regulation of protein kinase activity,
the inflammatory response, regulation of the acute inflam-
matory response, the immune response-regulating cell sur-
face receptor signalling pathway, immune response-
activating signal transduction, the endomembrane system,
unfolded protein binding, and enzyme activator activity.
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Table 1 Primer sequences for

RT-PCR Gene GenBank access no. Product size (bp) Primer sequence (5-3) sense/antisense
TNF NM_ 173966 193 CATCCTGTCTGCCATCAAGA
GGCGATGATCCCAAAGTAGA
STAT3 NM 001012671.2 84 CTGCAGCAGAAGGTTAGCTACAAA
TTCTAAACAGCTCCACGATTCTCTC
TABI1 NM_001102057 134 GTTCTCTTACCCCACAGCCT
ACCCGCATTTGGAGAAACAC
PARD6G NM_001098100 288 TCCATCATCGACGTGGACAT
GCTGTTGGCGATCATCATGT
CXCRS XM 010812421 292 AGAACCAAGCCGAAACCAAC
ATGGCCATGGAGAGATAGCC
PTK2B NM 001102252 148 AGGGGTTACAAAGAGGCTCC
AAGGACTAGCTTGGTTCCCC
ADCY9 XM _005224482.2 89 TCCTGGTATTCGCCCTGAC
AGCCCGAGTATGATTGAAGTTGT
CSF2 NM 174027 206 ACTACGAGAAACACTGCCCA
TGGCTCTTTGTGGGTAGGAG
TNFRSF9 NM 001035336 123 GAACATGGCATCTGTCGACC
TGCACCTGGAGAGAAGTCAG
CXCRI1 NM 174360 131 TCCCTGTGAGATAAGCACTGAGACA
AGCGACCAATCCGGCTGTA
Gene expression changes that reached statistical signifi-  Discussion

cance were analyzed in KEGG. These regulated genes in
LPS+ WT-LBP cells versus LPS cells (Fig. 8a) are associated
with the following signalling pathways: cytokine-cytokine re-
ceptor interaction, the GnRH signalling pathway, ECM-
receptor interaction, the calcium signalling pathway, focal ad-
hesion, glutathione metabolism, and glycine, serine, and thre-
onine metabolism. In contrast, regulated genes between
LPS+WT-LBP cells and LPS cells (Fig. 8b) are associated
with the following signalling pathways: cytokine-cytokine re-
ceptor interaction, the GnRH signalling pathway, ECM-
receptor interaction, the calcium signalling pathway, focal ad-
hesion, the MAPK signalling pathway, the TLR signalling
pathway, the chemokine signalling pathway and the phos-
phatidylinositol signalling system.

Validation of microarray results

Figure 9a shows the quantitative RT-PCR results for some of
the genes which were significantly affected by mutant LBP
treatment of BMECs. Three genes were associated with the
TLR signalling pathway, including TNF, STAT1, and TABI,
and four genes were associated with the chemokine signalling
pathway, including PARD6G, CXCRS, PTK2B, and ADCY9.
Three other genes were associated with cytokine-cytokine re-
ceptor interactions, including CSF2, TNFSF9, and CXCR1
(Table 4). The RT-PCR results were in accordance with the
gene-chip findings (Fig. 9b).
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Mastitis leads to immeasurable economic losses for farmers,
which is an unsolved human challenge faced by all dairy
farms (Hisaeda et al. 2011). The susceptibility to pathogenic
bacteria among species or individuals is due to mutations of
immune-function-related genes (Beutler and Poltorak 2000;
Michel et al. 2003; Smirnova et al. 2000). The acute-phase
protein LBP, as a general recognition molecule, plays
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LBP. b, ¢ The analysis of the apoptosis rates of panel a. The data are
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Fig. 5 (continued)

response to LPS and gram-negative bacteria. This idea is sup-
ported by a previous detailed study of truncation mutation
experiments of the LBP promoter region, which indicate that
aregion of the LBP promoter is responsible for regulating the
efficiency of gene transcription (Nehammer et al. 2015).
Genetic variation in the promoter region of the LBP gene is
associated with the blood level of LBP and with the risk of
developing gram-negative bacteremia and gram-negative bac-
teremia-related death after hematopoietic cell transplantation
(HCT) (Kumar et al. 2015). In addition, several alanine-
substituted synthetic LBP-derived peptides inhibited LPS-
LBP interaction (Reyes et al. 2002). A mutation affecting
amino acid 98, which affects an exposed loop of LBP, has
been described to confer a risk for several infectious and in-
flammatory diseases (Shukla et al. 2011). Therefore, LBP or
mutant LBP may serve as a clinical marker in severe infec-
tions and may carry therapeutic potential.

Mammary epithelial cells (MECs) are poised to respond
quickly to bacterial intrusion through the activation of several
pattern-recognition receptors (PRRs), notably the well-
analyzed family of Toll-like receptors (TLRs) (Kumar et al.
2009), by the so-called microbe-associated molecular patterns
(MAMPs) (Chen et al. 2014; Wu et al. 2013). Bovine MECs
(BMECS) in vitro culture are able to sense bacteria or bacterial
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Fig.6 The comparison of wild LBP and mutant LBP on cell viability and
apoptosis. a, b Cells stimulated with LPS of 10 pug/mL for 12 h were
challenged with the indicated RBLBP concentration (5 pg/mL). The data
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products, and to react by upregulating the expression of sev-
eral genes involved in the innate immune response (Chen et al.
2014; Wang et al. 2015). BMEC cultures were used as a model
for udder tissue to profile the kinetics and extents of global
changes in the transcriptome of BMEC after challenging them
with heat-inactivated preparations of E. coli or S. aureus path-
ogens (Gunther et al. 2011). An inflammatory cell model has
been established with 10 pg/mL of LPS stimulation on BMEC
for 12 h, and the mechanism of RBLBP was studied using this
model (Sun et al. 2015). Therefore, BMECs stimulated with
10 pug/mL of LPS for 12 h were used as an inflammatory
model for monitoring the change of gene expression modifi-
cations to study mastitis in our experiment (Figs. 4, 5, and 6).

The aim of our study was to compare the different effects of
recombinant bovine wild LBP and mutant LBP (67 Ala—
Thr) on the LPS-induced inflammatory response of BMECs.
The concentration of RBLBP that enhances the proinflamma-
tory activity of cells would be needed. According to the pre-
vious studies in our laboratory (Sun et al. 2015), various con-
centrations (1, 5, 10, and 15 ng/mL) of RBLBP were selected
for cell viability assay and cell apoptosis with flow cytometry.
The results showed that the cells stimulated with LPS had a
lower viability and a higher apoptosis at 5 pg/mL of RBLBP
(Figs. 4 and 5) and that mutant LBP resulted in a lower

10
PR an
f. ] 2]
z 2
o
= 6
> .
§ 5
- 4
g
>
', .
&1 .
0
LPS(10pg/ml) . * +

WT-LBP(pg/ml) - - .
MU-LBP(pg/ml) - . . "

are means+SEM (n=3). ¥*P<0.05 vs. control group; “P<0.01 vs.
group treated with LPS alone
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Table 2 The number of differentially expressed genes (DEG)

DEG (LPS+WT-LBP) vs LPS  (LPS+MU-LBP) vs LPS
Total 1585 2306
Upregulated 862 1285
Downregulated 723 1021

viability and a higher cell apoptosis than wild LBP did
(Fig. 6a, b). This indicated that 5 pg/mL of RBLBP enhanced
the proinflammatory activity of cells. Therefore, 5 pg/mL of
RBLBP was selected for further microarray analyses.
Gene-chip microarrays showed that mutant LBP (67Ala —
Thr) triggered a more dramatic and complex program of alter-
ing gene expression in inflamed BMECs than wild LBP did
when the two RBLBPs were all at the same concentration of
5 ug/mL. It was in accordance with the results that the mutant

LBP has a lower viability and a higher apoptosis on the cells
than wild LBP (Fig. 6a and b). The GO and KEGG results
(Figs. 7 and 8) revealed that the differently expressed genes
were related to the biological process category of the terms
inflammatory response, defence response and immune
response and the molecular function terms cytokine activity
and chemokine activity. GO biological process analysis re-
vealed that GO terms related to inflammatory response, signal
transduction, and regulation of response to stimulus gathered
in high levels (Fig. 7a and b). However, the level in mutant
LBP-treated BMEC was higher than in wild LBP-treated
BMEC. The KEGG results revealed that genes related to
cytokine-cytokine receptor interaction, ECM-receptor interac-
tion, calcium signalling pathway and GnRH signalling path-
way were highly expressed (Fig. 8a, b) and that the level in
mutant LBP-treated BMEC was higher than in wild LBP-
treated BMEC. These data suggest that mutant LBP leads to
a stronger inflammatory response than wild LBP on BMECs

Table 3 The genes significantly differentially expressed between LPS-challenged cells treated with wild LBP and mutant LBP

Symbol Gene description

Gene bank

Fold change

(LPS+WT-LBP) vs LPS  (LPS+ MU-LBP) vs LPS

CXCL2 Chemokine (C-X-C motif) ligand 2
CXCL3 Chemokine (C-X-C motif) ligand 3
CCL16 Chemokine (C-C motif) ligand 16
IL1B Interleukin 1, beta

NFKBIA  Nuclear factor of kappa light polypeptide

gene enhancer in B-cells inhibitor, alpha
ZNFX1 Zinc finger, NFX1-type containing 1

FAS Fas cell surface death receptor

IL6ST Interleukin 6 signal transducer

TLR4 Toll-like receptor 4

NF-xB Nuclear factor kappa light chain enhancer

of activated B-cells
NFKBI1 Nuclear factor of kappa light polypeptide
gene enhancer in B-cells 1

CEBPD CCAAT/enhancer binding protein (C/EBP), delta
BCL3 B-cell CLL/lymphoma 3

NOS3 Nitric oxide synthase 3 (endothelial cell)

SOD1 Superoxide dismutase 1, soluble

KNGl1 Kininogen 1

MAPKI1  Mitogen-activated protein kinase 11

AKT1 v-akt murine thymoma viral oncogene homolog 1
TGFBR3  Late endosomal/lysosomal adaptor, MAPK

and MTOR activator 3
LAMTO3  Transforming growth factor (TGF)-beta type III receptor

KRT80 Keratin 80

CLDND1  Claudin domain containing 1
VCL Vinculin
GJB6 Gap-junction protein6

BCCIP BRCA2 and CDKNI1A interacting protein

XM._005208062 1.74 2.13
NM. 001046513 1.06 198
XM 002695627 2.07 2.56
NM_174093 271 3.05
NM_001045868 3.16 397
NM_001205716 1.83 275
NM_174662 291 352
XM 010816768 2.74 345
NM._174198 3.07 3.87
XM _005226181.1  4.01 485
NM_001076409 2.68 3.93
NM_174267 3.98 451
NM_001205993 2.36 3.85
NM_181037 -1.67 357
NM_174615 1.62 4.89
XM 005201452 148 3.50
NM_001080335 2.08 3.87
NM_173986 391 6.29
NM 001075982  —1.36 -1.02
XM_005204338 1.23 2.62
NM_001077952  —1.44 ~1.66
NM_001206357  —1.67 -1.04
BC120206 ~1.01 ~141
NM 001015546  —1.17 ~1.46
NM 001046122 —1.59 -1.71
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Fig. 7 Biological process
analysis of genes that changed >2-
fold in cells treated with wild LBP
(a) and mutant LBP (b) by gene
ontology analysis (P

values <0.05)

Fig. 8 Biological process
analysis of genes that changed >2-
fold in cells treated with wild LBP
(a) and mutant LBP (b) by gene
KEGG analysis (P values <0.05)
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Fig. 9 Microarray results
confirmed by RT-PCR. a RT-PCR
results of genes selected. gRT-
PCR values were determined
from the 2 Ct for the target
genes relative to 18S. b
Comparison of RT-PCR findings
to microarray results by fold
change of ten-selected genes.
Note: double asterisks indicate a
statistical difference (P<0.01)
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stimulated with LPS, resulting in enhanced defense during
infection.

According to the role of LBP in inflammation of the cow
udder, the highly expressed genes in LBP-stimulated BMECs
included several molecules involved in cytokine-encoding

\\\

genes (e.g., CXCL2, CXCL3, CCL16, and IL1B), transcrip-
tion regulators (e.g., NFKBIA and ZNFX1), cytokine recep-
tors (e.g., FAS, ILIRAP, and IL6ST), pattern-recognition re-
ceptors (TLR2 and TLR4) and transcriptional regulators. The
latter include the NF-kB and C/EBP families of factors (e.g.,

Table 4 Selected genes involved

in the inflammatory response Symbol Gene description GenBank Fold
regulated by mutant LBP change
TNF Tumor necrosis factor NM_ 173966 1.002
STAT3 Signal transducer and activator of transcription 3 (acute-phase NM_ 1.069
response factor) 001012671
TABI1 TGF-beta activated kinase 1/MAP3K7 binding protein 1 NM 2.336
001102057
PARD6G  par-6 family cell polarity regulator gamma NM_ —1.654
001098100
CXCRS5 Chemokine (C-X-C motif) receptor 5 XM 1.907
010812421
PTK2B Protein tyrosine kinase 2 beta NM 2.220
001102252
ADCY9 Adenylate cyclase 9 XM 3.769
005224482-
2
CSF2 Colony stimulating factor 2 (granulocyte-macrophage) NM_174027 —2.114
TNFRSF9  Tumor necrosis factor receptor superfamily, member 9 NM_ —1.725
001035336
CXCRI1 Chemokine (C-X-C motif) receptor 1 NM_ 174360 5227
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RELB, NFKBI1, BCL3, and CEBPD). The regulation of this
battery of transcription factors highlights that mutant LBP
provoked significant changes in the signal transduction ma-
chinery of the cells. In addition, the mRNA encoding factors
important for host defense (e.g., NOS3, SOD1, and KNG1)
were also maximally increased after the inflammatory cell
model was stimulated with mutant LBP. Furthermore, the in-
flammatory response genes’ relevant signalling cascades were
significantly differentially expressed, including MAPK11, v-
akt murine thymoma viral oncogene homolog 1 (AKT1) and
transforming growth factor beta receptor 3 (TGFBR3)
(Table 3). Recently, a study found that S. aureus induces apo-
ptosis in BMECs through a Fas-FADD (Fas-associated death
domain) death receptor-linked caspase-8 signalling pathway
(Hu et al. 2014). Meanwhile, the genes coding MAPK11
(p38f3) and LAMTOR3 (MP1) were upregulated by mutant
LBP (Table 3). P38f3 upregulated the expression and secretion
of monocyte chemotactic protein-1 (MCP-1) in breast cancer
cells, and that upregulated MCP-1 activates osteoclast differ-
entiation and activity (He et al. 2014). Endogenous MCP-1/
CCL2, which is a key chemokine that can recruit monocytes,
macrophages and lymphocytes by a mechanism dependent on
its binding to the CCR2 receptor (Balamayooran et al. 2011),
protects mice from sepsis by regulating proinflammatory and
anti-inflammatory cytokine production, which shows that it
promotes the balance between anti-inflammatory and proin-
flammatory responses to infection (Gomes et al. 2006, 2013).
MP1, which with LAMTOR?2 (p14) forms a heterodimer as
part of the larger regulator complex that includes LAMTOR3
(MP1), LAMTOR?2 (p14), LAMTORI (p18), LAMTOR4 (c7
or £59) and LAMTORS (HBXIP), is required for MAPK and
mTORI1 signalling from late endosomes/lysosomes (de
Araujo et al. 2013). Some results have revealed an unsuspect-
ed mechanism of mitogenic signalling activation via
LAMTORS3, a scaffolding protein for ERK and MEK (Jun
et al. 2013).

Aside from those genes relevant to inflammation, both mu-
tant and wild LBP caused downregulation of genes encoding
structural molecules (e.g. keratin 80 was —1.441- and —1.663-
fold regulated, respectively) and the tight-junction protein
complex (e.g., the claudins CLDNDI, vinculin, and gap-
junction protein 6, with a range of changes of expressional
regulation, from —2-fold to —1-fold). Moreover, BRCA2 and
CDKNIA (p21, CIP1)-interacting protein (BCCIP), which is
an evolutionary conserved protein implicated in the mainte-
nance of genome stability and cell cycle progression (Wyler
etal. 2014), were downregulated after the wild or mutant LBP
challenges (—1.59-fold and —1.71-fold, respectively), and the
difference of fold change was not obvious (Table 3).

The Toll-like receptor (TLR) signalling pathway, one of the
best-studied and well-characterized pathways to initiate host
immune defense mechanisms against invading pathogens
(Singh and Kumar 2015), are involved in regulated genes
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(Fig. 8b). The family of TLRs cause innate immune responses
that include the production of inflammatory cytokines,
chemokines, and interferons. The signal transduction is initi-
ated from the Toll/interleukin-1 receptor (TIR) domain of
TLRs after pathogen recognition. Almost all TLRs use a
TIR-containing adapter, myeloid differentiation factor 88
(MyDS88), to activate a common signalling pathway that re-
sults in the activation of NF-kB to express cytokine genes
relevant to inflammation (Lin et al. 2006). MyD88, the best-
characterized adaptor molecule, which mediates signalling by
all TLRs except for TLR3, also mediates signalling by inter-
leukin (IL)-1R and IL-18R (Pearlman et al. 2008). Three fur-
ther TIR-containing adapters are Mal/TIRAP, which recruits
MyDS88 to TLR2 and TLR4; TRIF (TICAM1), which is a
critical protein that mediates the MyD88-independent path-
way in TLR3 and TLR4 signalling; and TRAM (TICAM2,
TIRP), which specifically mediates the MyD88-independent
pathway in TLR4 signalling but not in TLR3 signalling (Lin
et al. 2000).

In this study, a genetic variation at position 67 of LBP, pos-
sibly altering its structure, led to an altered cytokine response,
so it predicted that carriers of this mutation have an increased
risk for a more severe course of clinical infection. One expla-
nation for LBP mutation causing an increased inflammatory
response after LPS challenge is that the amino acid exchange
at position 67 may be causing additional structural rearrange-
ments driven by the unfavorable exposure of hydrophobic re-
gions, which leads to a stronger ability to recognize and bind to
the LPS or the lipopeptides of pathogenic bacteria. This might
lead to an increased cytokine response in the host, resulting in
enhanced defense during infection. Gene-chip microarrays
showed that the effects of gene expression between mutant
LBP and wild LBP treatment on inflamed BMECs were differ-
ential, which could offer an improved understanding of the
important immunomodulatory role of mutant LBP in gram-
negative mastitis. The results also suggest that genetic testing
may be helpful for the identification of cows with an unfavor-
able response to gram-negative infections.

Taken together, these data suggest that the common poly-
morphisms in the LBP gene in Chinese Holstein cattle are
possibly associated with an increased risk for the development
of mastitis and, furthermore, may be linked to serious out-
comes. These findings might have consequences for risk as-
sessments of individual cattle, and they support the concept of
LBP as a key mediator in the inflammatory response. In ma-
ture LBP protein, five mutations were found: g.3034G — A
(36Asp— Asn), g.3040A — G (38Asn— Asp), 2.3056 T—
C (431le — Thr), g.4619G — A (67Ala— Thr), 19975G — A
(282Val — Met) (Cheng et al. 2012). Future studies should
focus on the effect of different genetic variation in LBP on
mastitis-resistant cows and evaluating the predictive value of
the genetic biomarker for clinical outcomes in various high-
risk populations.



Comparison of wild and mutant lipopolysaccharide-binding protein

451

Acknowledgments This study was funded by the National Natural
Science Foundation of China No. 31372290, and the Science and
Technology Project of China (2011BAD28B02, 2012BAD12B10).

References

Balamayooran G, Batra S, Balamayooran T, Cai S, Jeyaseelan S (2011)
Monocyte chemoattractant protein 1 regulates pulmonary host de-
fense via neutrophil recruitment during Escherichia coli infection.
Infect Immun 79:2567-2577. doi:10.1128/IAL.00067-11

Bannerman DD, Paape MJ, Hare WR, Sohn EJ (2003) Increased levels of
LPS-binding protein in bovine blood and milk following bacterial
lipopolysaccharide challenge. J Dairy Sci 86:3128-3137. doi:10.
3168/jds.S0022-0302(03)73914-9

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116:281-297

Beutler B, Poltorak A (2000) Positional cloning of Lps, and the general
role of toll-like receptors in the innate immune response. Eur
Cytokine Netw 11:143-152

Chen KL, Li HX, Xu XL, Zhou GH (2014) The protective effect of
rosmarinic acid on hyperthermia-induced C2C12 muscle cells dam-
age. Mol Biol Rep 41:5525-5531. doi:10.1007/s11033-014-3429-6

Cheng J, Li J, Zhang W, Cai Y, Wang G (2012) Mutations in
lipopolysaccharide-binding protein (LBP) gene change the suscep-
tibility to clinical mastitis in Chinese Holstein. Mol Biol Rep 39:
9601-9612. doi:10.1007/s11033-012-1824-4

Chien JW, Boeckh MJ, Hansen JA, Clark JG (2008) Lipopolysaccharide
binding protein promoter variants influence the risk for Gram-
negative bacteremia and mortality after allogeneic hematopoietic
cell transplantation. Blood 111:2462-2469. doi:10.1182/blood-
2007-09-101709

de Araujo ME et al (2013) Stability of the endosomal scaffold protein
LAMTOR3 depends on heterodimer assembly and proteasomal
degradation. J Biol Chem 288:18228-18242. doi:10.1074/jbc.
M112.349480

Ding PH, Jin LJ (2014) The role of lipopolysaccharide-binding protein in
innate immunity: a revisit and its relevance to oral/periodontal
health. J Periodontal Res 49:1-9. doi:10.1111/jre.12081

Eckert JK et al (2013) The crystal structure of lipopolysaccharide binding
protein reveals the location of a frequent mutation that impairs innate
immunity. Immunity 39:647-660. doi:10.1016/j.immuni.2013.09.
005

Fang L, Xu Z, Wang GS, Ji FY, Mei CX, Liu J, Wu GM (2014) Directed
evolution of an LBP/CD14 inhibitory peptide and its anti-endotoxin
activity. PLoS One 9:¢101406. doi:10.1371/journal.pone.0101406

Gomes RN et al (2006) Increased susceptibility to septic and endotoxic
shock in monocyte chemoattractant protein 1/cc chemokine ligand
2-deficient mice correlates with reduced interleukin 10 and en-
hanced macrophage migration inhibitory factor production. Shock
26:457-463. doi:10.1097/01.shk.0000228801.56223.92

Gomes RN et al (2013) Bacterial clearance in septic mice is modulated by
MCP-1/CCL2 and nitric oxide. Shock 39:63—69. doi:10.1097/SHK.
0b013e31827802b5

Gonzalez-Quintela A, Alonso M, Campos J, Vizcaino L, Loidi L, Gude F
(2013) Determinants of serum concentrations of lipopolysaccharide-
binding protein (LBP) in the adult population: the role of obesity.
PLoS One 8:¢54600. doi:10.1371/journal.pone.0054600

Gunther J et al (2011) Comparative kinetics of Escherichia coli- and
Staphylococcus aureus-specific activation of key immune pathways
in mammary epithelial cells demonstrates that S. aureus elicits a
delayed response dominated by interleukin-6 (IL-6) but not by IL-
1A or tumor necrosis factor alpha. Infect Immun 79:695-707. doi:
10.1128/1A1.01071-10

Gutsmann T, Muller M, Carroll SF, MacKenzie RC, Wiese A, Seydel U
(2001) Dual role of lipopolysaccharide (LPS)-binding protein in
neutralization of LPS and enhancement of LPS-induced activation
of mononuclear cells. Infect Immun 69:6942-6950. doi:10.1128/
IA1.69.11.6942-6950.2001

He Z,He J, Liu Z, Xu J, Yi SF, Liu H, Yang J (2014) MAPK11 in breast
cancer cells enhances osteoclastogenesis and bone resorption.
Biochimie 106:24-32. doi:10.1016/j.biochi.2014.07.017

Hisaeda K et al (2011) Changes in acute-phase proteins and cytokines in
serum and milk whey from dairy cows with naturally occurring
peracute mastitis caused by Klebsiella pneumoniae and the relation-
ship to clinical outcome. J Vet Med Sci / Jpn Soc Vet Sci 73:1399—
1404

Hu QL, Cui XJ, Tao L, Xiu L, Wang T, Wang X (2014) Staphylococcus
aureus induces apoptosis in primary bovine mammary epithelial
cells through Fas-FADD death receptor-linked caspase-8 signaling.
DNA Cell Biol 33:388-397. doi:10.1089/dna.2013.2195

Hu X et al (2016) The anti-inflammatory effect of TR6 on LPS-induced
mastitis in mice. Int Inmunopharmacol 30:150-156. doi:10.1016/].
intimp.2015.12.003

Ibeagha-Awemu EM, Lee JW, Ibeagha AE, Bannerman DD, Paape MJ,
Zhao X (2008) Bacterial lipopolysaccharide induces increased ex-
pression of toll-like receptor (TLR) 4 and downstream TLR signal-
ing molecules in bovine mammary epithelial cells. Vet Res 39:11.
doi:10.1051/vetres:2007047

Idoate I, Vander Ley B, Schultz L, Heller M (2015) Acute phase proteins
in naturally occurring respiratory disease of feedlot cattle. Vet
Immunol Immunopathol 163:221-226. doi:10.1016/j.vetimm.
2014.12.006

Jun S et al (2013) PAF-mediated MAPK signaling hyperactivation via
LAMTORS3 induces pancreatic tumorigenesis. Cell Rep 5:314-322.
doi:10.1016/j.celrep.2013.09.026

Kitchens RL, Thompson PA (2005) Modulatory effects of sCD14 and
LBP on LPS-host cell interactions. J Endotoxin Res 11:225-229.
doi:10.1179/096805105X46565

Kumar H, Kawai T, Akira S (2009) Toll-like receptors and innate immu-
nity. Biochem Biophys Res Commun 388:621-625. doi:10.1016/j.
bbrc.2009.08.062

Kumar M, Kaur H, Deka RS, Mani V, Tyagi AK, Chandra G (2015)
Dietary inorganic chromium in summer-exposed buffalo calves
(Bubalus bubalis): effects on biomarkers of heat stress, immune
status, and endocrine variables. Biol Trace Elem Res 167:18-27.
doi:10.1007/512011-015-0272-0

Lamping N et al (1996) Effects of site-directed mutagenesis of basic
residues (Arg 94, Lys 95, Lys 99) of lipopolysaccharide (LPS)-bind-
ing protein on binding and transfer of LPS and subsequent immune
cell activation. J Immunol 157:4648-4656

Lin H, Decuypere E, Buyse J (2006) Acute heat stress induces oxidative
stress in broiler chickens comparative biochemistry and physiology
Part A. Mol Integr Physiol 144:11-17. doi:10.1016/j.cbpa.2006.01.
032

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(—Delta Delta C(T))
Method. Methods 25:402—408. doi:10.1006/meth.2001.1262

Michel O et al (2003) Systemic responsiveness to lipopolysaccharide and
polymorphisms in the toll-like receptor 4 gene in human beings. J
Allergy Clin Immunol 112:923-929. doi:10.1016/j.jaci.2003.05.
001

Nehammer C, Podolska A, Mackowiak SD, Kagias K, Pocock R (2015)
Specific microRNAs regulate heat stress responses in
Caenorhabditis elegans. Sci Rep 5:8866. doi:10.1038/srep08866

Pearlman E et al (2008) Toll-like receptors at the ocular surface. Ocul Surf
6:108-116

Rahman MM, Lecchi C, Avallone G, Roccabianca P, Sartorelli P,
Ceciliani F (2010) Lipopolysaccharide-binding protein: local

@ Springer


http://dx.doi.org/10.1128/IAI.00067-11
http://dx.doi.org/10.3168/jds.S0022-0302(03)73914-9
http://dx.doi.org/10.3168/jds.S0022-0302(03)73914-9
http://dx.doi.org/10.1007/s11033-014-3429-6
http://dx.doi.org/10.1007/s11033-012-1824-4
http://dx.doi.org/10.1182/blood-2007-09-101709
http://dx.doi.org/10.1182/blood-2007-09-101709
http://dx.doi.org/10.1074/jbc.M112.349480
http://dx.doi.org/10.1074/jbc.M112.349480
http://dx.doi.org/10.1111/jre.12081
http://dx.doi.org/10.1016/j.immuni.2013.09.005
http://dx.doi.org/10.1016/j.immuni.2013.09.005
http://dx.doi.org/10.1371/journal.pone.0101406
http://dx.doi.org/10.1097/01.shk.0000228801.56223.92
http://dx.doi.org/10.1097/SHK.0b013e31827802b5
http://dx.doi.org/10.1097/SHK.0b013e31827802b5
http://dx.doi.org/10.1371/journal.pone.0054600
http://dx.doi.org/10.1128/IAI.01071-10
http://dx.doi.org/10.1128/IAI.69.11.6942-6950.2001
http://dx.doi.org/10.1128/IAI.69.11.6942-6950.2001
http://dx.doi.org/10.1016/j.biochi.2014.07.017
http://dx.doi.org/10.1089/dna.2013.2195
http://dx.doi.org/10.1016/j.intimp.2015.12.003
http://dx.doi.org/10.1016/j.intimp.2015.12.003
http://dx.doi.org/10.1051/vetres:2007047
http://dx.doi.org/10.1016/j.vetimm.2014.12.006
http://dx.doi.org/10.1016/j.vetimm.2014.12.006
http://dx.doi.org/10.1016/j.celrep.2013.09.026
http://dx.doi.org/10.1179/096805105X46565
http://dx.doi.org/10.1016/j.bbrc.2009.08.062
http://dx.doi.org/10.1016/j.bbrc.2009.08.062
http://dx.doi.org/10.1007/s12011-015-0272-0
http://dx.doi.org/10.1016/j.cbpa.2006.01.032
http://dx.doi.org/10.1016/j.cbpa.2006.01.032
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/j.jaci.2003.05.001
http://dx.doi.org/10.1016/j.jaci.2003.05.001
http://dx.doi.org/10.1038/srep08866

452

X. Lietal.

expression in bovine extrahepatic tissues. Vet Immunol
Immunopathol 137:28-35. doi:10.1016/j.vetimm.2010.04.006

Reyes O et al (2002) Identification of single amino acid residues essential
for the binding of lipopolysaccharide (LPS) to LPS binding protein
(LBP) residues 86-99 by using an Ala-scanning library. J Pept Sci :
Oft Publ Eur Pept Soc 8:144—150. doi:10.1002/psc.375

Shukla GC, Singh J, Barik S (2011) MicroRNAs: processing maturation,
target recognition and regulatory functions. Mol Cell Pharmacol 3:
83-92

Singh PK, Kumar A (2015) Retinal photoreceptor expresses toll-like
receptors (TLRs) and elicits innate responses following TLR ligand
and bacterial challenge. PLoS One 10:¢0119541. doi:10.1371/
journal.pone.0119541

Smirnova I, Poltorak A, Chan EK, McBride C, Beutler B (2000)
Phylogenetic variation and polymorphism at the toll-like receptor
4 locus (TLR4). Genome Biol 1:RESEARCH002. doi:10.1186/gb-
2000-1-1-research002

Sun Y et al (2015) Bovine recombinant lipopolysaccharide binding pro-
tein (BRLBP) regulated apoptosis and inflammation response in
lipopolysaccharide-challenged bovine mammary epithelial cells
(BMEC). Mol Immunol 65:205-214. doi:10.1016/j.molimm.2015.
01.026

Wang LI, Liu F, Luo Y, Zhu L, Li G (2015) Effect of acute heat stress on
adrenocorticotropic hormone, cortisol, interleukin-2, interleukin-12

@ Springer

and apoptosis gene expression in rats. Biomed Rep 3:425-429. doi:
10.3892/br.2015.445

Wu C et al (2013) Modulation of lipogenesis and glucose consumption in
HepG2 cells and C2C12 myotubes by sophoricoside. Molecules 18:
15624-15635. doi:10.3390/molecules181215624

Wu J, Li L, Sun Y, Huang S, Tang J, Yu P, Wang G (2015) Altered
molecular expression of the TLR4/NF-kappaB signaling pathway
in mammary tissue of Chinese Holstein cattle with mastitis. PLoS
One 10:e0118458. doi:10.1371/journal.pone.0118458

Wyler E, Wandrey F, Badertscher L, Montellese C, Alper D, Kutay U
(2014) The beta-isoform of the BRCA2 and CDKNI1A(p21)-
interacting protein (BCCIP) stabilizes nuclear RPL23/uL14. FEBS
Lett 588:3685-3691. doi:10.1016/j.febslet.2014.08.013

Zeng R, Bequette BJ, Vinyard BT, Bannerman DD (2009) Determination
of milk and blood concentrations of lipopolysaccharide-binding pro-
tein in cows with naturally acquired subclinical and clinical mastitis.
J Dairy Sci 92:980-989. doi:10.3168/jds.2008-1636

Zhao K, Liu HY, Zhou MM, Liu JX (2010) Establishment and character-
ization of a lactating bovine mammary epithelial cell model for the
study of milk synthesis. Cell Biol Int 34:717-721. doi:10.1042/
CBI20100023

Zweigner J, Schumann RR, Weber JR (2006) The role of
lipopolysaccharide-binding protein in modulating the innate im-
mune response. Microbes Infect / Institut Pasteur 8:946-952. doi:
10.1016/j.micinf.2005.10.006


http://dx.doi.org/10.1016/j.vetimm.2010.04.006
http://dx.doi.org/10.1002/psc.375
http://dx.doi.org/10.1371/journal.pone.0119541
http://dx.doi.org/10.1371/journal.pone.0119541
http://dx.doi.org/10.1186/gb-2000-1-1-research002
http://dx.doi.org/10.1186/gb-2000-1-1-research002
http://dx.doi.org/10.1016/j.molimm.2015.01.026
http://dx.doi.org/10.1016/j.molimm.2015.01.026
http://dx.doi.org/10.3892/br.2015.445
http://dx.doi.org/10.3390/molecules181215624
http://dx.doi.org/10.1371/journal.pone.0118458
http://dx.doi.org/10.1016/j.febslet.2014.08.013
http://dx.doi.org/10.3168/jds.2008-1636
http://dx.doi.org/10.1042/CBI20100023
http://dx.doi.org/10.1042/CBI20100023
http://dx.doi.org/10.1016/j.micinf.2005.10.006

	Comparison...
	Abstract
	Introduction
	Material and methods
	Cell culture
	Recombinant lipopolysaccharide-binding protein treatment of cultured cells
	Identification of bovine mammary epithelial cell
	Cell viability assay
	Analysis of cell apoptosis with flow cytometry
	RNA isolation
	Microarray assay
	Real-time reverse transcription-polymerase chain reaction
	Statistical analysis

	Results
	Cytotoxicity of RBLBP on BMECs
	RBLBP and LPS-induced inflammatory injury
	Differential gene expression
	Results of GO and KEGG analyses
	Validation of microarray results

	Discussion
	References


