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A B S T R A C T

The ruminal mucosal epithelium can secrete defensins, which play a key role in innate and adaptive immunity
and are considered potential replacements for antibiotics. Of these, sheep β-defensin-1 (SBD-1) is one of the most
potent molecules produced by ovine ruminal epithelial cells (ORECs). β-glucan, safe and effective immune ac-
tivators, can stimulate innate and adaptive immune responses. Here we examined whether β-glucan from
Saccharomyces cerevisiae can induce SBD-1 expression in ORECs, as well as the underlying mechanism. First,
ORECs were cultured, and quantitative real-time PCR (qPCR) and enzyme-linked immunosorbent assay (ELISA)
were used to study the effects of different β-glucan concentrations. Then western blotting, im-
munohistochemistry, and immunocytofluorescence were performed to investigate the regulatory mechanism of
β-glucan-induced SBD-1 upregulation. We show that β-glucan can induce the release of SBD-1 from ORECs; the
highest SBD-1 mRNA and protein expression was achieved after treatment with 10 μg/mL at 2 and 4 h.
Moreover, β-glucan-induced SBD-1 production was mediated by the activation of dendritic-cell-associated C-
type lectin 1 (Dectin-1) receptors, Syk, and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB). These findings highlight the immunomodulatory effects of β-glucan on ORECs.

1. Introduction

In recent years, antibiotics have been used in animal husbandry to
prevent animal diseases and promote growth [1]. However, because of
the ever-increasing negative impact of antibiotic resistance and anti-
biotic residues [2], the search for alternative feed additives has in-
tensified. Strategies to improve disease resistance via immune mod-
ulation, not only increase health and production performance, but also
reduce the dependence on antibiotics in animal husbandry [3–6].

Antimicrobial peptides (AMPs) are important members of the innate
immune system and play a key role in resistance to infection by external
pathogens [7,8]. Defensins belong to a family of small cysteine peptides
with amphiphilic and cationic properties that are thought to form part
of the primitive and effective host defense system, and which are widely
distributed in vertebrates [9]. Based on different structural character-
istics, defensins are divided into three main classes including α-, β-, and

θ-defensins [10]. β-defensins are cationic antimicrobial peptides con-
sisting of 38–42 amino acids and are present in nearly all vertebrates
[11]. They play a key role in innate and adaptive immunity and can kill
a variety of pathogens including bacteria, fungi, viruses and parasites.
Additionally, β-defensins are chemotactic attractants of immune cells
that are involved in immune regulation [12]. Because of these pleio-
tropic functions, β-defensins have been actively explored for a class of
antibiotic-resistant microorganisms and as new therapeutic agents
against certain inflammatory diseases [13].

Defensins can be synthesized by chemical methods [14,15]. How-
ever, due to the high cost of chemical peptide synthesis, induction of
defensin expression through dietary regulation might be a more effi-
cient alternative method. Previous studies have demonstrated that
probiotics such as Ganoderma lucidum and lipopolysaccharide can in-
duce defensin expression in humans, rats, or hens, and enhance disease
resistance [16–18]. Therefore, choosing a safe and effective method to
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induce defensin expression is thought to be a good way to control and
prevent disease. β-glucan, a type of polysaccharide that is widely pre-
sent in plants, algae, bacteria, yeast and mushrooms, has well-known
biological activities such as immunity-enhancing, anti-tumor, anti-
bacterial, anti-viral, and wound-healing activities, in addition to sti-
mulating innate and adaptive immune responses [19,20]. β-glucans are
generally considered to be potent immunological activators [21] that
can counteract the immunosuppressed state of fish, human, scallops,
chickens, and mice by promoting non-specific immune responses, an-
tibody production, or inflammatory responses [22–26]. Moreover, they
are biocompatible, biodegradable, and safe for the environment and
animal health [27,28].

Although β-glucan has been shown to induce the expression of de-
fensins in rainbow trout, Argyrosomus regius, and broiler chickens
[26,29,30], their effects on the expression of SBD-1 in ORECs and as-
sociated mechanisms remain poorly understood. Recently, one studies
showed that Dectin-1, a C-type lectin receptor, uniquely recognizes β-
glucan expressed on the surface of most fungi and plays a nonredundant
role in host defense against a number of pathogens [31–33]. Many of
these receptors are coupled to the Syk kinase, which allows these re-
ceptors to signal via CARD9, leading to NF-κB activation, which in turn
contributes to the induction of innate immunity [34,35]. Further, re-
cent reports have shown that β-glucan can induce defensin production
via Dectin-1 and Syk in human intestinal epithelial cells (IECs) [36]. We
therefore tested the effect of β-glucan on the expression of SBD-1 in
ORECs and investigated the involvement of the Dectin-1-Syk-NF-κB
signaling pathway in the β-glucan-induced expression of SBD-1.

2. Materials and methods

2.1. Reagents

β-glucan (Cat. NO. 346210), laminarin (Cat. NO. L9634), and the
NF-κB inhibitor PDTC (Cat. No. P8765) were purchased from Sigma
Chem. Co. (Munich, Germany). The Syk kinase inhibitor R406 (Cat. NO.
inh-r406) was purchased from InvivoGen (Toulouse, France). The
Lipofectamine™ 3000 Transfection Reagent (Cat. NO. L3000008) and
Opti-MEM I medium (Cat. No. 31985–062) were purchased from
Invitrogen (Shanghai, China). The anti-Dectin-1 antibody (Cat. No.
ab140039), anti-Syk antibody (Cat. No. ab155187), anti-rabbit IgG H&L
(Alexa Fluor® 680) secondary antibody (Cat. No. Ab175772) were ob-
tained from Abcam (Cambridge, UK). Anti-p-p65 (Cat. No. C3033),
anti-p65 (Cat. No. C4764), anti-IκBa (Cat. No. C4814), anti-p-IκBa (Cat.
No. C2859), and anti-p-Syk (Tyr525/526) (Cat. No. C87C1) antibodies
were obtained from Cell Signaling Technologies (Massachusetts, USA).
The anti-β-actin antibody (Cat. No. AA128), HRP-conjugated anti-
rabbit secondary (Cat. No. A0208), and HRP-conjugated anti-mouse
secondary (Cat. No. A0216) antibodies were obtained from Beyotime
Institute of Biotechnology (Shanghai, China). The UltraSensitive™S-P
Sensitive Kit (Rat/Rabbit) (Cat. No. kit9710) was obtained from Fuzhou
Maixin Biotech (Fujian, China). All of the other chemicals that were
used were of analytical grade and obtained from commercial sources.

2.2. Sample collection

In this study, adult Mongolian sheep (n=10) at 7–12months of age
were euthanized under the approval of the Animal Ethics Committee of
the Inner Mongolia Agriculture University (License NO. SYXK, Inner
Mongolia, 2016-0017). After euthanizing the animals, rumen tissues
were harvested (20-cm2), flushed with ice-cold physiological saline,
placed in ice-cold phosphate buffered saline (PBS; Sigma-Aldrich)
supplemented with 5% penicillin/streptomycin (Sigma), and trans-
ported to a biosafety cabinet for processing.

2.3. Primary OREC culture

The culture methods and conditions for ORECs were as described by
our previous research [37]. The cells were cultured at 37 °C with 5%
CO2 in a cell incubator for subsequent testing.

2.4. Dilution of β-glucan

The β-glucan utilized was the glucan from Saccharomyces cerevisiae,
with a purity of ≥95%. Sterilized deionized water was used as the
vehicle for β-glucan dilution. β-glucan was diluted with PBS to a con-
centration of 10mg/mL. It was then added to OREC cultures at con-
centrations of 5, 10, 20, 50, and 100 μg/mL.

2.5. Induction tests

After cells reached 80–90% confluence in the culture flask, they
were seeded into black 6-well flat bottom plates (5×105 cells per well)
in cell culture medium that did not contain fungizone and other anti-
biotics, and were incubated at 37 °C and 5% CO2 overnight. Following
starvation, the cells were randomly divided into two groups, namely the
β-glucan-treated group and the control group. Treatment groups were
exposed to a range of β-glucan concentrations (5, 10, 20, 50, and
100 μg/mL) at 37 °C and 5% CO2 for 8 h. Control group cells were
cultured in DMEM/F12 medium without β-glucan. Then, ORECs were
stimulated with the optimal concentration of β-glucan (10 μg/mL) that
induced the highest expression of SBD-1 for 2, 4, 8, 12, and 24 h;
medium alone was used as control group.

2.6. Viability assays

ORECs were seeded in each well of 96-well plates at a density of
2×104 cells per well. They were then treated with β-glucan at 5, 10,
20, 50, and 100 μg/mL for 8 h. ORECs were also stimulated with the
optimal concentration of β-glucan (10 μg/mL) for 2, 4, 8, 12, and 24 h;
medium alone was used as a control. Then, ORECs were washed with
PBS five times and the supernatant (100 μL) was replaced with DMEM/
F12, and 10 μL MTT (Sigma-Aldrich) was added to each well, which
was incubated for 4 h at 37 °C. Then, the absorbance was detected at
540 nm using a Hybrid microplate reader (BioTek Inc., Winooski, VT,
USA). The assay was performed in triplicate.

2.7. Transfection of ORECs with siRNA

All siRNAs targeting Dectin-1 and Syk were synthesized by Sangon
Biotech. Co., Ltd. (Shanghai, China). Nonspecific siRNA with random
nucleotides was used in each experiment as a negative control
(Table 1).

Table 1
Sequences of short interfering RNAs.

siRNA Sequences

Dectin-1 siRNA1 GCUUUCAACUGGGCUCUAATT
UUAGAGCCCAGUUGAAAGCTT

Dectin-1 siRNA2 CCUGAGUACCUUGGGUAUUTT
AAUACCCAAGGUACUCAGGTT

Dectin-1 siRNA3 GGAUCCAUGUGUCAGACAUTT
AUGUCUGACACAUGGAUCCTT

Syk siRNA#1 GCGGGUGGAAUAAUCUCAATT
UUGAGAUUAUUCCACCCGCTT

Syk siRNA#2 CCUACAGGGUCAAGCUCUUTT
AAGAGCUUGACCCUGUAGGTT

Syk siRNA#3 GCAGUGAAGUUUCUGCUAUTT
AUAGCAGAAACUUCACUGCTT

Nonsilencing siRNA UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT
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Transfection of Dectin-1, Syk-specific and control siRNA was per-
formed according to the manufacturer's instructions. Briefly, after
Dectin-1 or Syk siRNA was incubated with Lipofectamine™ 3000
Transfection reagent for 15min at room temperature, the mixture was
added to each well of the 12-well culture plates. These plates were
gently mixed by rocking back and forth. Transfected cells were in-
cubated for 24 h before being stimulated with β-glucan.

2.8. Inhibition tests

Laminarin utilized was the soluble β-glucan from Laminaria digitata,
with a purity of 98%, commonly used as a Dectin-1 antagonist. ORECs
pretreated with laminarin (10, 50, 100, 200, and 500 μg/mL) for 30min
and then stimulated with 10 μg/mL β-glucan were considered the
treatment groups. Cells treated only with laminarin, without β-glucan,
served as negative controls. Cells treated only with β-glucan but not
with laminarin were used as positive controls and cells that did not
receive any treatment comprised the control group.

The Syk pathways were blocked using the specific inhibitor R406.
ORECs were pretreated with 1 and 5 μM R406 for 30min and then
stimulated with 10 μg/mL β-glucan, which comprised the treatment
groups. Cells treated with only R406, without β-glucan, served as ne-
gative controls. Cells treated only with β-glucan were used as the po-
sitive control group and cells that did not receive any treatment served
as a control group.

NF-κB pathways were blocked using the specific inhibitor PDTC
(10 μM). Cells were treated with the PDTC for 30min and then stimu-
lated with 10 μg/mL β-glucan (used as the treatment group). Cells
treated only with PDTC, but not β-glucan, served as the negative con-
trols. Cells treated only with β-glucan were used as a positive control
and untreated cells also comprised a control group.

2.9. Isolation of RNA, reverse transcription and qPCR

Total RNA was extracted using the AxyPrep™ Multisource Total
RNA Miniprep kit (Axygen Scientific, Inc. USA), according to the
manufacturer's instructions. It was reverse transcribed into single-
stranded cDNA using the PrimerScript™ RT reagent Kit with gDNA
Eraser (TaKaRa, Japan). qPCR thermal cycling was performed as fol-
lows: 95 °C for 30 s; 45 cycles of 95 °C for 5 s and 60 °C for 34 s. Each
reaction was followed by a 46-step melt-curve analysis (95 °C for 5 s,
60 °C for 30 s, and 95 °C for 15 s). The relative abundance of mRNA was
calculated using the 2−ΔΔCt method and normalized to the mean ex-
pression of β-actin. Each experiment was repeated at least three times.
Primers are shown in Table 2.

2.10. Polymerase chain reaction (PCR)

For PCR amplification of Dectin-1and β-actin, cDNA (1 μL) were
coamplified in a reaction mixture with a final volume of 50 μL and
containing 25 μL Premix Taq (TaKaRa Taq™ Version 2.0 plus dye),

22 μL RNase-free dH2O, and 20 μM of primers for Dectin-1 and β-actin
(Table 2). The reaction conditions were as follows: 5min at 94 °C; 35
amplification cycles consisting of denaturation at 94 °C for 30 s, an-
nealing at 60 °C for 30 s, and extension at 72 °C for 30 s, and a final
extension at 72 °C for 7min. The PCR products were resolved via 1%
agarose gel electrophoresis and visualized through ethidium bromide
staining.

2.11. ELISA

ORECs were seeded in 6-well plates at a density of 5× 105 cells per
well; the culture supernatants from ORECs were collected and SBD-1
levels in culture media were measured using commercially available
ELISA kits (Wuhan Xinqidi Biological Technology, China) according to
the supplier's protocol.

2.12. Immunohistochemistry

Rumen tissues were fixed in 4% paraformaldehyde for 48 h, em-
bedded in paraffin, and sectioned to a thickness of 5 μm. After dewaxing
and rehydration, antigen retrieval treatment was performed by micro-
wave heating in 0.01M citrate buffer (pH 6.0). Endogenous peroxidase
activity was quenched by incubating the sections in reagent A from the
UltraSensitive™S-P Sensitive Kit (Rat/Rabbit) for 10min at room tem-
perature. After rinsing with PBS, the sections were blocked with reagent
B for 1 h at 37 °C and immunostained with anti-Dectin-1 (1:100) and
anti-Syk (1:200) antibodies overnight at 4 °C. After washing with PBS
for 6min, the sections were incubated for 10min with secondary an-
tibody reagent C, and this was followed by further washing with PBS.
Then, the sections were incubated for 10min with reagent D according
to the manufacturer's instructions. After washing with PBS for 20min,
the sections were incubated with DAB (DAB-0031, Fuzhou Maixin
Biotech, China) solution for 3min to detect immunostaining and then
counterstained hematoxylin (CTS-1097, Fuzhou Maixin Biotech,
China). An isotype-matched control antibody was used at equivalent
concentrations. All images within each experiment were taken under
the same conditions.

2.13. Immunofluorescence

Cells were seeded on cover slips in 12-well plates at 1× 105 cells/
well. The next day, cells were fixed with 4% paraformaldehyde for
30min, permeabilized with 0.5% triton X-100 for 20min, and blocked
with 5% bovine serum albumin (BSA) for 1 h at room temperature. The
cells were then incubated with anti-Syk (1:200) antibody at 4 °C over-
night, followed by staining with corresponding secondary antibodies for
2 h at room temperature, and counterstaining with DAPI (Beyotime
Institute of Biotechnology). Cells were observed and photographed
using a confocal microscope (LSM 800, Zeiss, Oberkochen, Germany).
All images within each experiment were taken under the same condi-
tions.

2.14. Western blot analysis

Confluent cells were exposed to β-glucan and total protein of ORECs
were extracted with Western and IP cell lysates (Beyotime) according to
the manufacturer's instructions. Protein concentrations were quantified
using the BCA protein assay reagent (Cat. No. 23250, Thermo, USA),
separated by 8–10% SDS-polyacrylamide gel electrophoresis, and then
electro-transferred to PVDF membranes (Cat. No. ISEQ00010,
Millipore, USA). After transfer, PVDF membranes were blocked for 2 h
in 5% BSA in tris-buffered saline with 0.1% tween-20, and incubated
overnight at 4 °C with primary antibodies against Dectin-1 (1:750), Syk
(1:750), p-Syk (1:750), p65 (1:750), p-p65 (1:500), IκBα (1:750), p-
IκBα (1:750), and β-actin (1:1000). Subsequently, PVDF membranes
were incubated with the appropriate secondary antibody. Finally, the

Table 2
Primer sequences for qPCR.

Gene GenBank
accession

Fragment
size (bp)

Primer pair sequences(5′-3′)

β-actin U39357 208 F: GTCACCAACTGGGACGACA
R: AGGCGTACAGGGACAGCA

SBD-1 U75250 133 F:GCTCTTCTTCGTGGTCCTGT
R: ACAGGTGCCAATCTGTCTCA

Dectin-1 AM167930.1 163 F:AGCGCTTGTCCCCCTAACT
R:ACACTCGCCTTGATATAAACTCCA

Syk XM_
004004064.3

139 F:GGAGGAGGCGGAAGACTACCTG
R:CCTCTCGATGGTGTAGTGATGTGC

NF-κB XM_
012159302.1

107 F:AGCACAAGAAGGCAGCACAA
R:CCATCAGCAGCAGCAGACA
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membranes were visualized using a Signal Chemiluminescent Detection
System (Chem Studio, GER). The optical density of each band was
analyzed by using Image-Pro Plus 6.0 software.

2.15. Statistical analysis

All data were plotted using GraphPad Prism5 software and reported
as mean ± standard deviation (SD) of at least three experiments.
Comparisons among multiple groups were made by performing an
analysis of variance (ANOVA). The independent t-test was performed
when only two groups were involved. Data analysis was carried out
with SPSS version 20.0 (SPSS Institute Inc., USA); statistical sig-
nificance was set at P < 0.05.

3. Results

3.1. β-Glucan induces SBD-1 mRNA and protein expression

We first measured SBD-1 mRNA and protein levels after treatment
with various concentrations (5, 10, 20, 50, 100 μg/mL) of β-glucan for
8 h by qPCR and ELISA. As shown in Fig. 1A and B, treatment of ORECs
with 10 μg/mL β-glucan significantly increased the expression of SBD-1
(P < 0.01) compared to that in the control group. Meanwhile, the
expression of SBD-1 was determined following β-glucan treatment
(10 μg/mL) for 0–24 h. The highest concentration of SBD-1 mRNA and
protein was noted at 2 and 4 h post-treatment (P < 0.01; Fig. 1C, D).
Next, to determine the possible toxicity of β-glucan, ORECs were
treated with β-glucan (5, 10, 20, 50, 100 μg/mL) for 8 h. The survival
rate of ORECs following β-glucan treatment was determined by per-
forming MTT assays. It was observed that a β-glucan concentration of

Fig. 1. β-glucan induces SBD-1 mRNA and protein expression. (A–B). SBD-1 mRNA and protein levels after treatment with varying doses (5, 10, 20, 50, 100 μg/mL)
of β-glucan for 8 h based on qPCR and ELISA. (C–D). SBD-1 mRNA and protein levels were determined following treatment with β-glucan (10 μg/mL) for 0–24 h by
qPCR and ELISA. (E–F) OREC cell activity. The % loss in viability of ORECs following β-glucan treatment was determined using the MTT leakage assay. Data are
mean ± SD (n=3). *P < 0.05; **P < 0.01 compared to the control group.
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10 μg/mL was not toxic (P > 0.05), whereas 100 μg/mL resulted in
significant cell death in ORECs (P < 0.05; Fig. 1E). Next, ORECs were
stimulated with 10 μg/mL β-glucan for 0–24 h, and MTT assays showed
that the cells were viable when exposed to 10 μg/mL β-glucan for
0–24 h (P > 0.05; Fig. 1F).

3.2. Dectin-1 is expressed in ORECs

We then assessed whether Dectin-1 is expressed on ORECs; for this,
paraffin-embedded sections generated from ruminal mucosa tissues
were stained with anti-Dectin-1 and control antibodies. The results
showed that Dectin-1 was mainly distributed in the stratum basale and
stratum spinosum of the mucosal epithelium (Fig. 2A, B). To further
understand the expression of Dectin-1 in ORECs, a PCR product of ap-
proximately 163 bp PCR was generated and visualized by electrophor-
esis using a 1% agarose gel (Fig. 2C). Then, the PCR products were
purified and sent to BGI (Beijing) for sequencing. The sequences were

analyzed using the BLAST utility from the National Center for Bio-
technology Information (NCBI) database (http://www.ncbi.nlm.nig.
gov/). BLAST results showed that the sequence had 99% homology
with mRNA of ovine Dectin-1 (GenBank: AM167930.1) from GenBank
(data not shown).

Next, we attempted to knockdown Dectin-1 expression using Dectin-
1 siRNA to further determine whether it is expressed in ORECs. Results
shown in Fig. 3A indicate that three different Dectin-1 siRNAs (1, 2, and
3) resulted in decreased expression of Dectin-1 mRNA, and the effect of
Dectin-1 siRNA3 was most pronounced. At the same time, MTT results
showed that Dectin-1 siRNA (1, 2, and 3) and nonspecific siRNA had no
toxic effect on the activity of ORECs (P > 0.05; Fig. 3B). The effec-
tiveness of Dectin-1 siRNA3 knockdown was then confirmed by western
blotting as shown in Fig. 3C, where Dectin-1 protein levels were re-
duced compared to control levels (P < 0.01). Taken together, these
finding show that ORECs express Dectin-1.

Fig. 2. Dectin-1 is expressed in ovine ruminal mucosa tissue and ORECs. (A) Dectin-1 expression in ovine ruminal mucosa tissue was assessed by im-
munohistochemistry. Formalin-fixed paraffin embedded sections of mucosa from ovine rumen were stained with an anti-Dectin-1 Ab (brown). (B) Staining with
isotype-matched control Ab served as a negative control. Filled arrowheads indicate epithelium and open arrowheads indicate lamina propria. (C) The electro-
phoresis results of Dectin-1 PCR. M: D2000 DNA marker; Control: negative control. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.3. β-Glucan induces the expression of SBD-1 via Dectin-1

To determine whether the β-glucan-induced expression of SBD-1 is
Dectin-1-dependent, ORECs were transfected with nonspecific siRNA
and Dectin-1 siRNA3, or pre-treated with laminarin (10, 50, 100, 200,
500 μg/mL), and then stimulated with 10 μg/mL β-glucan. The effect of
Dectin-1 knockdown on SBD-1 expression is shown in Fig. 4A and B.
Transfection of ORECs with Dectin-1 siRNA3 suppressed the β-glucan-
induced increase in SBD-1 mRNA and protein expression, whereas
nonspecific siRNA did not significantly interfere with the ability of β-
glucan to stimulate SBD-1 expression (P > 0.05). The effect of lami-
narin on SBD-1 expression is shown in Fig. 4C and D. Preincubation of
ORECs with 100 μg/mL laminarin resulted in an extremely significant
decrease in the β-glucan-induced expression of SBD-1, compared to that
in the positive control group (P < 0.01). Further, SBD-1 expression
was lowest when ORECs were stimulated with 500 μg/mL laminarin.
No significant difference was observed between the negative control
group and the control group (P > 0.05), indicating that the decrease in
SBD-1 expression was not due to cytotoxic effects of the inhibitor. These
results indicated that the induction of SBD-1 expression on ORECs by β-
glucan is mediated by Dectin-1.

3.4. Syk is expressed in ORECs

We next tested whether Syk, the cell signaling mediator of Dectin-1
activation, is expressed in ORECs. Immunohistochemistry results
showed that Syk was mainly distributed in the ruminal mucosal epi-
thelium, whereas the lamina propria and submucosa were not stained
(Fig. 5A, B). Furthermore, immunofluorescence results also showed that
Syk was expressed in ORECs (Fig. 5C, D).

3.5. β-Glucan-induced SBD-1 expression is Syk-dependent

To test whether Syk is involved in the expression of SBD-1 in β-
glucan-induced ORECs, we first examined whether β-glucan could ac-
tivate the phosphorylation of Syk in ORECs. Western blotting (Fig. 6A)
results showed that p-Syk was induced by β-glucan in ORECs, and that
activation of these kinases was apparent within 15min of treatment
(P < 0.01 vs. control), which provides direct evidence that Syk sig-
naling is involved in β-glucan-induced OREC activation.

Next, we attempted to knockdown Syk expression by siRNA to de-
termine whether it is involved in the expression of SBD-1 in ORECs
induced by β-glucan. As depicted in Fig. 6B, ORECs were treated with
Syk siRNA (#1, #2, and #3) or nonspecific siRNA. All three siRNAs
significantly reduced the expression of Syk, and the effect of Syk
siRNA#2 was the most obvious. Meanwhile, we also found that Syk
siRNAs and non-specific siRNA were not toxic to ORECs based on MTT
assays (P > 0.05; Fig. 6C). Furthermore, the effectiveness of Syk
siRNA#2 was evaluated by western blotting. As shown in Fig. 6D, Syk
protein expression was decreased after treatment with Syk siRNA#2 as
compared to control group (P < 0.01). Therefore, Syk siRNA#2 was
used for subsequent experiments.

To determine whether β-glucan activation involves Syk signaling,
ORECs were treated with nonspecific siRNA and syk siRNA#2 or pre-
treated with 1 and 5 μM of the Syk inhibitor R406, and then stimulated
with 10 μg/mL β-glucan. As shown in Fig. 7A and B, silencing Syk
significantly reduced β-glucan-induced SBD-1 expression at mRNA and
protein levels compared to that in β-glucan-treated controls
(P < 0.01). Furthermore, a significant decrease in SBD-1 expression
was observed when ORECs were incubated with 1 or 5 μM R406 prior to
β-glucan treatment (P < 0.05). With respect to viability, no significant
differences were observed between the negative control group and the
control group (P > 0.05; Fig. 7C, D), indicating that the inhibitor had

Fig. 3. Dectin-1 is expressed in ORECs. (A) qPCR were used to determine Dectin-1 knockdown with a series of siRNAs. NS, nonspecific siRNA. (B) OREC cell activity.
The % loss in viability of ORECs was measured using the MTT leakage assay for cells treated with Dectin-1 siRNA1, 2, and 3 and NS siRNA. (C) Western blot analysis
of cell lysates from ORECs revealed signals specific to Dectin-1 (28 kDa). Blots were reacted with an anti-Dectin-1 Ab, and with β-actin antibodies as loading controls.
Western blotting also showed a marked decrease in Dectin-1 expression following 24 h of treatment with Dectin-1 siRNA3 compared to that with NS siRNA. Data are
mean ± SD (n=3). *P < 0.05, **P < 0.01 compared to the control group.
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no toxic effect on the cells. Taken together, these results suggest that β-
glucan-induced SBD-1 expression in ORECs is mediated by Syk.

3.6. Role of NF-κB in β-glucan-induced SBD-1 expression

Western blot was performed to investigate the possibility that β-
glucan activates NF-κB signaling pathways in ORECs. Results showed
that NF-κB was activated after treatment with 10 μg/mL β-glucan.
Further, the apparent activation of p-IκBα and p-p65 occurred at 15min
(P < 0.01; Fig. 8A).

To further elucidate the function of NF-κB signaling in β-glucan-
induced SBD-1 expression, qPCR and ELISA were performed to in-
vestigate the effects of the NF-κB inhibitor PDTC on SBD-1 mRNA ex-
pression induced by β-glucan. According to qPCR and ELISA results, the
β-glucan-induced mRNA and protein expression of SBD-1 was drama-
tically reduced in ORECs pretreated with PDTC, as compared to that in
the group treated with β-glucan alone (P < 0.01), and the reduction
was not due to the cytotoxic effects of the inhibitors (P > 0.05; Fig. 8B,
C). These results indicate that β-glucan can induce the upregulation of
SBD-1 via the NF-κB pathway.

3.7. Activation of NF-κB signaling is mediated by Syk

In the aforementioned experiments, we demonstrated that β-glucan-
induced SBD-1 expression is mediated by Dectin-1–Syk, and also found
that the upregulation of SBD-1 by β-glucan requires the activation of
NF-κB. However, it was unknown whether this activation is related to
Syk. To investigate this, cells were divided into three groups as follows:
control, β-glucan-treated, and Syk siRNA#2 combined with β-glucan.
The results showed that NF-κB mRNA expression and the phosphor-
ylation of p65 were decreased in cells treated with Syk siRNA#2
combined with β-glucan, compared to those in cells treated with β-
glucan alone (P < 0.01). However, the expression of these markers
was enhanced in cells treated with both Syk siRNA#2 and β-glucan
compared to that in cells of the control group (P < 0.05; Fig. 9A, B).

This indicated that β-glucan induces SBD-1 expression via the Syk-
mediated NF-κB pathway in ORECs.

4. Discussion

It has recently been recognized that mucosal epithelial cells play a
vital role in the initiation and regulation of immune responses. Innate
immunity, the first line of defense against microorganisms, and de-
fensins play an important role in the immune response [38]. Recently,
studies have shown that β-glucan that is derived from the yeast cell
walls of species such as Saccharomyces cerevisiae have im-
munomodulatory activities and can upregulate the expression of β-de-
fensins in rainbow trout IECs [29]. However, the regulatory effect of β-
glucan on SBD-1 expression in ORECs and the underlying mechanisms
remain poorly understood. This study found that SBD-1 is abundantly
expressed in ORECs in a concentration and time-dependent manner,
and that levels of SBD-1 mRNA and protein were highest when ORECs
were separately stimulated for 2 and 4 h with a concentration of 10 μg/
mL. The expression of β-defensin (defb) in the Argyrosomus regius
kidney was recently found to be significantly upregulated after the in-
jection of LPS and β-glucan for 24 h, whereas defb expression was up-
regulated in kidney and intestinal cells at 4 and 24 h after stimulation
with LPS and β-glucan [30]. Co-culture of 1× 108 particles/mL Zy-
mosan A from Saccharomyces cerevisiae with scallop Argopecten purpur-
atus hemocytes for 48 h was found to result in phagocytic activity and
the production of reactive oxygen intermediates, as well as the upre-
gulation of big defensin antimicrobial peptide transcription [25]. From
the above studies, we speculated that the inductive effect of β-glucan
depends on the dose, timing, and mode of administration. Too low of a
dose or a short stimulation had no obvious effects, whereas high doses
or long stimulation times had an inhibitory effect on cells or tissues.

Based on the aforementioned results, we sought to understand the
mechanism of β-glucan-induced SBD-1 expression in ORECs. Previous
studies showed that Dectin-1, as the specific receptor of fungal β-
glucan, mediates a variety of fungal innate immune responses, and

Fig. 4. β-glucan induces the expression of SBD-1 via Dectin-1. (A-B) Transfection of ORECs with Dectin-1 siRNA3 suppressed the β-glucan-induced increase in SBD-1
secretion. NS, nonspecific siRNA. (C-D) Dectin-1 inhibition by laminarin reduced β-glucan-induced SBD-1 secretion in ORECs. Data are mean ± SD (n=3).
*P < 0.05; **P < 0.01 compared to the control group. +P < 0.05, ++P < 0.01 compared to the β-glucan-induced group.
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triggers signal transduction [39–41]. Dectin-1 is now known to be ex-
pressed by dendritic cells, macrophages, monocytes, neutrophils, and T
cells [42]. Recently, it was reported that Dectin-1 is expressed by
human corneal epithelial cells (HCECs), bronchial epithelial cells, and
IECs [43–45]. Furthermore, Dectin-1 has been identified in ovine
spleen, mesenteric lymph nodes, prescapular lymph nodes, lungs,
kidney, skin, and bladder [46]. However, little information is available
about the expression of Dectin-1 in the rumen of sheep. Here, we show
for the first time, cell-surface expression of Dectin-1 on ruminal mu-
cosal tissue and ORECs by immunohistochemistry and western blotting,
which will provide the basis for future studies on the mechanism
through which β-glucan induces SBD-1 expression in ORECs.

Recent studies have reported that β-glucan induces the upregulation
of human β-defensin-2 and cathelicidin LL37 in HCECs via the Dectin-1

signaling pathway [47]. Our study also identified marked expression of
SBD-1 in response to β-glucan in ORECs, as this effect was decreased
after using the Dectin-1 siRNA3 and antagonist laminarin, similar to
that reported by Iliev et al. [48], indicating that Dectin-1 is necessary
for β-glucan-induced SBD-1 expression. Our results indicate that β-
glucan might induce the expression of SBD-1 through the surface
membrane receptor Dectin-1 of ORECs, thereby functioning in an im-
munoregulatory role. However, in vitro cell culture models do not fully
mimic the complex in vivo microenvironment. Therefore, future re-
search must include in vivo animal models to test whether β-glucan can
exert their immunostimulatory effect in the rumen of sheep, and whe-
ther Dectin-1 plays a role in immunomodulation in vivo.

In immunocytes, the canonical Dectin-1 signaling pathway involves
the intracellular mediator Syk, which becomes phosphorylated upon

Fig. 5. Syk is expressed in ovine ruminal mucosa tissue and ORECs. (A–B) Syk expression in the ovine ruminal mucosa was assessed by immunohistochemistry. (A,
A1) Formalin-fixed paraffin-embedded sections of mucosa from ovine ruminal mucosa were stained with an anti-Syk Ab. (B, B1) Staining with isotype-matched
control Ab. Filled arrowheads indicate the epithelium and open arrowheads indicate the lamina propria. (C) ORECs were stained with an anti-Syk Ab (red) and DAPI
(blue). (D) Staining with isotype control Ab. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Dectin-1 activation [49]. In the present study, we demonstrated that
Dectin-1 is a membrane receptor involved in the β-glucan-induced
upregulation of SBD-1, and further studied the role of its downstream
signal adaptor Syk. Here we identified Syk expression in ovine ruminal
mucosa tissues and ORECs by immunohistochemistry and immuno-
fluorescence; further, the localization of Syk in ORECs was consistent
with that in human IECs, airway epithelial cells, and B cells [36,50,51].
This is the first report of Syk expression in ORECs. According to Kolar
et al. [47] β-glucan-induced antimicrobial peptide expression in HCECs
involves Syk. Based on these studies, we found that the expression of
SBD-1 on β-glucan-induced ORECs is also Syk-dependent because the
Syk siRNA#2 and specific inhibitor R406 abrogated most of this se-
cretion, which is consistent with the results of Kolar et al. [47] This
finding implies that Syk participates in β-glucan-induced SBD-1 ex-
pression.

NF-κB plays a central role in innate and adaptive immune responses
[52,53]. Over the past few years, it has been described that Dectin-1
receptors can mediate NF-κB activation, leading to the expression of
pro-inflammatory cytokines, chemokines, and antimicrobial peptides,
which are important effectors or mediators of innate and adaptive im-
mune responses [36,54–56]. Canonical NF-κB activation relies on the
degradation of IκBα, which is phosphorylated by active IKK [57]. In this
study, 10 μg/mL of β-glucan treatment significantly increased the ac-
tivity of p-IκBα and p-p65 in ORECs, and the activation of these kinases
was apparent after 15min. Furthermore, pretreatment of ORECs with
the specific NF-κB inhibitor PDTC drastically decreased β-glucan-in-
duced SBD-1 expression. Therefore, it is reasonable to speculate that the
upregulation of SBD-1 by β-glucan might be a programmed process that
requires the activation of NF-κB. Similar to our results, Wen et al. [58]
showed that 17β-estradiol in ovine oviduct epithelial cells (OOECs)

Fig. 6. β-glucan can activate the phosphorylation of Syk in ORECs. (A) Expression of Syk and p-Syk was determined by western blotting at 0, 5, 15, 30, 45, and
60min after incubation with β-glucans (10 μg/mL). (B) qPCR were used to determine Syk knockdown with a series of siRNAs. (C) OREC cell activity. The % loss in
viability of ORECs was measured using the MTT leakage assay for Syk siRNA#1, #2, and #3 and NS siRNA. (D) Western blotting also showed a decrease in Syk
protein expression compared to that with NS siRNA with β-actin as the loading control. Data are mean ± SD (n= 3). *P < 0.05; **P < 0.01 compared to the
control group.
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Fig. 7. β-glucan induces SBD-1 expression in a Syk-dependent manner. (A–B) Transfection of ORECs with Syk siRNA#2 suppressed the β-glucan-induced increase in
SBD-1 secretion. NS, nonspecific siRNA. (C–D) Syk blockade by R406 reduces β-glucan-induced SBD-1 secretion in ORECs. Data are mean ± SD (n= 3). *P < 0.05;
**P < 0.01 compared to the control group. +P < 0.05, ++P < 0.01 compared to the β-glucan-induced group.

Fig. 8. Role of NF-κB in β-glucan-induced SBD-1 expression. (A) ORECs were treated with β-glucan (10 μg/mL) and harvested at the indicated time points (0, 5, 15,
30, 45, 60min). Whole-cell lysates were prepared and used for western blot analysis with p-IκBα, IκBα, p-p65, and p65 antibodies. Densitometric analysis of the
optical density (OD) of different p-IκBa and p-p65 bands relative to the OD of IκBa and p65 bands was also performed (right). All experiments were repeated at least
three times. *P < 0.05, **P < 0.01 compared to the control group. (B—C) Effect of the NF-kB inhibitor on β-glucan-induced SBD-1 expression. Data are
mean ± SD (n= 3). *P < 0.05, **P < 0.01 compared to the control group, +P < 0.05, ++P < 0.01 compared to the β-glucan-induced group.
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induced SBD-1 expression via NF-κB. In contrast, Li et al. [59] reported
that lipopolysaccharide induced SBD-1 expression in OOECs, which was
found to be mainly mediated by p38 MAPK. Therefore, the induction of
SBD-1 release appears to be dictated by different signaling molecules
upon diverse stimuli in different tissues. In addition, we also found that
β-glucan significantly increased NF-κB mRNA expression and the
phosphorylation of p65; moreover, the Syk siRNA#2 reversed NF-κB
activation in ORECs. From this, we hypothesized that NF-κB activation
is mediated by the Dectin-1 signal transduction protein Syk. However,
determining whether other signal transduction proteins are involved
requires further studies.

5. Conclusion

In summary, β-glucan can increase the expression of SBD-1 in
ORECs and induce SBD-1 expression via Dectin-1 signaling pathways.
These pathways involve Syk and NF-κB activation. We believe that
these observations might provide a new explanation to understand how
fungal probiotics exert their effects in animals in vivo, and will provide
practical guidance for the improved development and utilization of
fungal probiotics.

Ethics approval and consent to participate

All animal treatments and procedures used in the present study
were approved by the Institutional Animal Care and Use Committee of
the IMAU (License NO. SYXK, Inner Mongolia, 2016–0017) with ad-
herence to IMAU guidelines.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Funding

This study was supported by the National Natural Science
Foundation of China (Grant No. 31560682), and they provided sug-
gestions about the study design.

Authors' contributions

Conceived and designed the experiments: MZ, YF. Performed the
experiments: MZ, XJ. Analyzed and discussed the data: MZ, XJ. Wrote
the paper: MZ, XJ. All authors read and approved the final manuscript.

Acknowledgments

We thank Editage for their assistance in editing our article and for
language revision. We thank Prof. Gui-fang Cao for providing us with
laboratory space for the experiments.

References

[1] P.A. Thacker, Alternatives to antibiotics as growth promoters for use in swine
production: a review, J. Anim. Sci. Biotechnol. 4 (1) (2013) 35.

[2] E.F. Shea, P.D. Cotter, C. Stanton, R.P. Ross, C. Hill, Production of bioactive sub-
stances by intestinal bacteria as a basis for explaining probiotic mechanisms: bac-
teriocins and conjugated linoleic acid, Int. J. Food Microbiol. 152 (3) (2012)
189–205.

[3] K.C. Klasing, Nutritional modulation of resistance to infectious diseases, Poult. Sci.
77 (8) (1998) 1119–1125.

[4] K.C. Klasing, Nutrition and the immune system, Br. Poult. Sci. 48 (5) (2007)
525–537.

Fig. 9. Activation of NF-κB in β-glucan-induced ORECs is mediated by Syk. (A) Relative abundance of mRNA was calculated using the 2-ΔΔCt method, relative to β-
actin. (B) Protein amounts are represented by the value shown in gray for the p-p65/β-actin ratio. Statistical analyses were performed using ImageJ and SPSS 20.0
software. Data are mean ± SD (n= 3). *P < 0.05, **P < 0.01 compared to the control group; +P < 0.05, ++P < 0.01 compared to the β-glucan-induced
group.

M. Zhang et al. Cellular Signalling 53 (2019) 304–315

314

http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0005
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0005
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0010
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0010
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0010
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0010
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0015
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0015
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0020
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0020


[5] M.T. Kidd, Nutritional modulation of immune function in broilers, Poult. Sci. 83 (4)
(2004) 650–657.

[6] A.C. Berge, M. Wierup, Nutritional strategies to combat Salmonella in mono-gastric
food animal production, Animal 6 (4) (2012) 557–564.

[7] X. Ye, J.J. Bai, Researches on anti-microbial peptides and its application perspective
in aquaculture, J. Dalian. Fish. Univ 15 (4) (2000) 274–279.

[8] W. Lin, S. Liu, L. Hu, S. Zhang, Characterization and bioactivity of hepcidin-2 in
zebrafish: dependence of antibacterial activity upon disulfide bridges, Peptides 57
(2014) 36–42.

[9] A. Peschel, H.G. Sahl, The coevolution of host cationic antimicrobial peptides and
microbial resistance, Nat. Rev. Microbiol 4 (7) (2006) 529–536.

[10] T. Ganz, Defensins: antimicrobial peptides of innate immunity, Nat. Rev. Immunol 3
(9) (2003) 710–720.

[11] E. Casadei, T.H. Wang, J. Zou, V.J.L. González, S. Wadsworth, C.J. Secombes,
Characterization of three novel β-defensin antimicrobial peptides in rainbow trout
(Oncorhynchus mykiss), Mol. Immunol. 46 (16) (2009) 3358–3366.

[12] A.E. Ellis, Innate host defense mechanisms of fish against viruses and bacteria, Dev.
Comp. Immunol. 25 (8–9) (2001) 827–839.

[13] L.R. Machado, B. Ottolini, An evolutionary history of defensins:a role for copy
number variation in maximizing host innate and adaptive immune responses, Front.
Immunol. 6 (2015) 115.

[14] T. Ganz, R.I. Lehrer, Antimicrobial peptides of vertebrates, Curr. Opin. Immunol. 10
(1) (1998) 41–44.

[15] A.J. Ouellette, Paneth cell alpha-defensin synthesis and function, Curr. Top.
Microbiol. Immunol. 306 (2006) 1–25.

[16] M. Schlee, J. Harder, B. Köten, E.F. Stange, J. Wehkamp, K. Fellermann, Probiotic
lactobacilli and VSL#3 induce enterocyte β-defensin 2, Clin. Exp. Immunol. 151 (3)
(2008) 528–535.

[17] A. Kubota, M. Kobayashi, S. Sarashina, R. Takeno, K. Okamoto, K. Narumi,
A. Furugen, Y. Suzuki, N. Takahashi, K. Iseki, Reishi mushroom Ganoderma lu-
cidum Modulates IgA production and α-defensin expressionin the rat small intes-
tine, J. Ethnopharmacol. 214 (2018) 240–243.

[18] M. Abdelsalam, N. Isobe, Y. Yoshimura, Effects of lipopolysaccharide and inter-
leukins on the expression of avian β-defensins in hen ovarian follicular tissue, Poult.
Sci. 91 (11) (2012) 2877–2884.

[19] J.J. Volman, J.D. Ramakers, J. Plat, Dietary modulation of immune function by β-
glucans, Physiol. Behav. 94 (2) (2008) 276–284.

[20] C. Qi, Y. Cai, L. Gunn, C. Ding, B. Li, G. Kloecker, K. Qian, J. Vasilakos, S. Saijo,
Y. Iwakura, J.R. Yannelli, J. Yan, Differential pathways regulating innate and
adaptive antitumor immune responses by particulate and soluble yeast-derived-
glucans, Blood 117 (25) (2011) 6825–6836.

[21] J. Chen, R. Seviour, Medicinal importance of fungal β-(1–>3), (1–>6)-glucans,
Mycol. Res. 111 (6) (2007) 635–652.

[22] M. Bagni, N. Romano, M.G. Finoia, L. Abelli, G. Scapigliati, P.G. Tiscar, M. Sarti,
G. Marino, Shortand long-term effects of dietary yeast β-glucan (Macrogard) and
alginic acid (Ergosan) preparation on immune response in sea bass (Dicentrarchus
labrax), Fish. Shellfish. Immunol 18 (4) (2005) 311–325.

[23] Y. Huang, M. Hua, X. Cui, Fungal β-Glucan Activates the NLRP3 Inflammasome
in Human Bronchial Epithelial Cells through ROS Production, Inflammation 41 (1)
(2018) 164–173.

[24] M. Roudbary, S. Daneshmand, M. Hajimorad, S. Roudbarmohammadip,
Z.M. Hassan, Immunomodulatory effect of β-Glucan on Peritoneal Macrophages of
Bab1/c mice, Pol. J. Microbiol. 64 (2) (2015) 175–179.

[25] D. Oyanedel, R. Gonzalez, K. Brokordt, P. Schmitt, L. Mercado, Insight into the
messenger role of reactive oxygen intermediates in immunostimulated hemocytes
from the scallop Argopecten purpuratus, Dev. Comp. Immunol. 65 (2016)
226–230.38.

[26] Y. Shao, Z. Wang, X. Tian, Y. Guo, H. Zhang, Yeast β-d-glucans induced anti-
microbial peptide expressions against Salmonella infection in broiler chickens, Int.
J. Biol. Macromol. 85 (28) (2016) 573–584.

[27] L. Pillemer, E.E. Ecker, Anticomplementary factor in fresh yeast, J. Biol. Chem. 137
(1941) 139–142.

[28] C.F.J. Di, J.V. Fiore, On the composition of Zymosan, Science 127 (1958) 756–757.
[29] P. Schmitt, J. Wacyk, B. Morales-Lange, V. Rojas, F. Guzmán, B. Dixon, L. Mercado,

Immunomodulatory effect of cathelicidins in response to a β-glucan in intestinal
epithelial Cell from rainbow trout, Dev. Comp. Immunol. 51 (1) (2015) 160–169.

[30] C. Campoverde, D.J. Milne, A. Estévez, N. Duncan, C.J. Secombes, K.B. Andree,
Ontogeny and modulation after pamps stimulation of β-defensin, hepcidin, and
piscidin antimicrobial peptides in meagre (Argyrosomus regius), Fish. Shellfish.
Immunol. 69 (2017) 200.

[31] G.D. Brown, S. Gordon, Immune recognition. A new receptor for β-glucans, Nature
413 (6851) (2001) 36–37.

[32] J.A. Willment, S. Gordon, G.D. Brown, Characterization of the human β-glucan
receptor and its alternatively spliced isoforms, J. Biol. Chem. 276 (47) (2001)
43818–43823.

[33] S.E. Hardison, G.D. Brown, C-type lectin receptors orchestrate antifungal immunity,
Nat. Immunol. 13 (9) (2012) 817–822.

[34] L. Bi, S. Gojestani, W. Wu, Y.M. Hsu, J. Zhu, K. Ariizumi, X. Lin, CARD9 mediates
dectin-2-induced IkappaBalpha kinase ubiquitination leading to activation of NF-
kappaB in response to stimulation by the hyphal form of Candida albicans, J. Biol.
Chem. 285 (34) (2010) 25969–25977.

[35] L.M. Kingeter, X. Lin, C-type lectin receptor-induced NF-κB activation in innate
immune and inflammatory responses, Cell. Mol. Immunol 9 (2) (2012) 105–112.

[36] S. Cohen-Kedar, L. Baram, H. Elad, E. Brazowski, H. Guzner-Gur, I. Dotan, Human
intestinal epithelial cells respond to β-glucans via Dectin-1 and Syk, Eur. J.
Immunol. 44 (12) (2014) 3729–3740.

[37] X. Jin, M. Zhang, X.M. Zhu, Y.R. Fan, C.G. Du, H.E. Bao, S.R.G.L. Xu, Q.Z. Tian,
Y.H. Wang, Y.F. Yang, Modulation of ovine SBD-1 expression by Saccharomyces
cerevisiae in ovine ruminal epithelial cells, BMC Vet. Res. 14 (1) (2018) 134.

[38] L. Zhao, W. Lu, Defensins in innate immunity, Curr. Opin. Hematol. 21 (2014)
37–42.

[39] S. Batbayar, D.H. Lee, H.W. Kim, Immunomodulation of fungal β-glucan in host
defense signaling by Dectin-1, Biomol. Ther. 20 (5) (2012) 433–445.

[40] M.J. Marakalala, A.M. Kerrigan, G.D. Brown, Dectin-1: a role in antifungal defense
and consequences of genetic polymorphisms in humans, Mamm. Genome 22 (1–2)
(2011) 55–65.

[41] M.J. Marakalala, S. Vautier, J. Potrykus, L.A. Walker, K.M. Shepardson, A. Hopke,
H.M. Mora-Montes, A. Kerrigan, M.G. Netea, G.I. Murray, D.M. Maccallum,
R. Wheeler, C.A. Munro, N.A. Gow, R.A. Cramer, A.J. Brown, G.D. Brown,
Differential adaptation of Candida albicans in vivo modulates immune recognition
by dectin-1, PLoS Pathog. 9 (4) (2013) e1003315.

[42] P.R. Taylor, G.D. Brown, D.M. Reid, J.A. Willment, L. Martinez-Pomares, S. Gordon,
S.Y. Wong, The β-glucan receptor, dectin-1, is predominantly expressed on the
surface of cells of the monocyte/macrophage and neutrophil lineages, J. Immunol.
169 (7) (2002) 3876–3882.

[43] G.Q. Zhao, X.Y. Qiu, J. Lin, Q. Li, L.T. Hu, Q. Wang, H. Li, Co-regulation of Dectin-1
and TLR2 in inflammatory response of human corneal epithelial cellsinduced by
Aspergillus fumigates, Int. J. Ophthalmol. 9 (2) (2016) 185–190.

[44] W.K. Sun, X. Lu, X. Li, Q.Y. Sun, X. Su, Y. Song, H.M. Sun, Y. Shi, Dectin-1 is
inducible and plays a crucial role in Aspergillus-induced innate immune responses in
human bronchial epithelial cells, Eur. J. Clin. Microbiol. Infect. Dis. 31 (10) (2012)
2755–2764.

[45] M. Fukata, M. Arditi, The role of pattern recognition receptors in intestinal in-
flammation, Mucosal Immunol. 6 (3) (2013) 451–463.

[46] K.S. Nalubamba, A.G. Gossner, R.G. Dalziel, J. Hopkins, Differential expression of
pattern recognition receptors in sheep tissues and leukocyte subsets, Vet. Immunol.
Immunopathol. 118 (3–4) (2007) 252–262.

[47] S.S. Kolar, H. Baidouri, A.M. McDermott, Role of Pattern Recognition Receptors in
the Modulation of Antimicrobial Peptide Expression in the Corneal Epithelial Innate
Response to F. solani, Invest. Ophthalmol. Vis. Sci 58 (5) (2017) 2463–2472.

[48] I.D. Iliev, Dectin-1 Exerts dual Control in the Gut, Cell Host Microbe 18 (2) (2015)
139–141.

[49] A.M. Kerrigan, G.D. Brown, Syk-coupled C-type lectins in immunity, Trends
Immunol. 32 (4) (2011) 151–156.

[50] M. Ulanova, L. Puttagunta, M. Marcet-Palacios, M. Duszyk, U. Steinhoff, F. Duta,
M.K. Kim, Z.K. Indik, A.D. Schreiber, A.D. Befus, Syk tyrosine kinase participates in
beta1-integrin signaling and inflammatory responses in airway epithelial cells, Am.
J. Physiol. Lung. Cell. Mol. Physiol 288 (3) (2005) L497–L507.

[51] F. Zhou, J. Hu, H. Ma, M.L. Harrison, R.L. Geahlen, Geahlen, Nucleocytoplasmic
trafficking of the Syk protein tyrosine kinase, Mol. Cell. Biol. 26 (2006) 3478–3491.

[52] G. Zhang, S. Ghosh, Toll-like receptor-mediated NF-kappaB activation: a phylo-
genetically conserved paradigm in innate immunity, J. Clin. Invest. 107 (1) (2001)
13–19.

[53] S. Akira, K. Takeda, Toll-like receptor signalling, Nat. Rev. Immunol 4 (7) (2004)
499–511.

[54] J. Fang, Y. Wang, X. Lv, X. Shen, X. Ni, K. Ding, Structure of a β-glucan from Grifola
frondosa and its antitumor effect by activating Dectin-1/Syk/NF-κB signaling,
Glycoconj. J. 29 (5–6) (2012) 365–377.

[55] H. Shinkai, D. Toki, N. Okumura, T. Takenouchi, H. Kitani, H. Uenishi,
Polymorphisms of the immune-modulating receptor dectin-1 in pigs: their func-
tional influence and distribution in pig populations, Immunogenetics 68 (4) (2016)
275–284.

[56] C.C. Yeh, H.C. Horng, H. Chou, H.Y. Tai, H.D. Shen, S.L. Hsieh, P.H. Wang, Dectin-
1-Mediated Pathway Contributes to Fusarium proliferatum-Induced CXCL-8 Release
from Human respiratory Epithelial Cells, Int. J. Mol. Sci. 18 (3) (2017) E624.

[57] B.N. Gantner, R.M. Simmons, S.J. Canavera, S. Akira, D.M. Underhill, Underhill,
Collaborative induction of inflammatory responses by dectin-1 and Toll-like re-
ceptor 2, J. Exp. Med. 197 (9) (2003) 1107–1117.

[58] S. Wen, G. Cao, T. Bao, L. Cheng, H. Li, C. Du, Y. Tu, Q. Li, R. Jian, P. Zhao,
W. Wuriliga, Modulation of ovine SBD-1 expression by 17beta-estradiol in ovine
oviduct epithelial cells, BMC. Vet. Res. 8 (2012) 143.

[59] Q. Li, F. Bao, D. Zhi, M. Liu, Q. Yan, X. Zheng, L. Ren, S. Cong, Y. Li, G. Cao,
Lipopolysaccharide induces SBD-1 expression via the P38 MAPK signaling pathway
in ovine oviduct epithelial cells, Lipids Health Dis. 15 (1) (2016) 127.

M. Zhang et al. Cellular Signalling 53 (2019) 304–315

315

http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0025
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0025
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0030
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0030
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0035
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0035
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0040
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0040
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0040
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0045
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0045
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0050
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0050
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0055
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0055
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0055
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0060
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0060
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0065
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0065
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0065
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0070
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0070
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0075
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0075
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0080
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0080
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0080
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0085
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0085
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0085
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0085
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0090
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0090
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0090
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0095
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0095
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0100
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0100
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0100
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0100
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0105
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0105
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0110
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0110
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0110
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0110
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0115
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0115
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0115
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0120
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0120
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0120
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0125
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0125
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0125
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0125
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0130
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0130
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0130
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0135
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0135
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0140
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0145
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0145
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0145
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0150
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0150
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0150
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0150
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0155
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0155
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0160
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0160
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0160
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0165
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0165
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0170
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0170
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0170
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0170
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0175
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0175
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0180
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0180
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0180
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0185
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0185
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0185
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0190
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0190
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0195
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0195
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0200
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0200
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0200
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0205
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0205
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0205
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0205
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0205
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0210
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0210
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0210
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0210
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0215
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0215
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0215
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0220
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0220
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0220
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0220
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0225
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0225
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0230
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0230
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0230
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0235
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0235
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0235
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0240
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0240
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0245
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0245
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0250
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0250
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0250
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0250
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0255
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0255
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0260
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0260
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0260
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0265
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0265
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0270
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0270
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0270
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0275
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0275
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0275
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0275
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0280
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0280
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0280
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0285
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0285
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0285
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0290
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0290
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0290
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0295
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0295
http://refhub.elsevier.com/S0898-6568(18)30267-5/rf0295

	β-Glucan from Saccharomyces cerevisiae induces SBD-1 production in ovine ruminal epithelial cells via the Dectin-1–Syk–NF-κB signaling pathway
	Introduction
	Materials and methods
	Reagents
	Sample collection
	Primary OREC culture
	Dilution of β-glucan
	Induction tests
	Viability assays
	Transfection of ORECs with siRNA
	Inhibition tests
	Isolation of RNA, reverse transcription and qPCR
	Polymerase chain reaction (PCR)
	ELISA
	Immunohistochemistry
	Immunofluorescence
	Western blot analysis
	Statistical analysis

	Results
	β-Glucan induces SBD-1 mRNA and protein expression
	Dectin-1 is expressed in ORECs
	β-Glucan induces the expression of SBD-1 via Dectin-1
	Syk is expressed in ORECs
	β-Glucan-induced SBD-1 expression is Syk-dependent
	Role of NF-κB in β-glucan-induced SBD-1 expression
	Activation of NF-κB signaling is mediated by Syk

	Discussion
	Conclusion
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Funding
	Authors' contributions
	Acknowledgments
	References




