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Butyrate protects against disruption of the
blood-milk barrier and moderates
inflammatory responses in a model of mastitis
induced by lipopolysaccharide
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BACKGROUND AND PURPOSE
Short-chain fatty acids are fermentation end products produced by gut bacteria, which have been shown to ameliorate
inflammatory bowel diseases and allergic asthma. However, the mechanism involved remains largely unknown. Here, we
investigate the protective effects and mechanisms of sodium butyrate (SB) on LPS-induced mastitis model.

EXPERIMENTAL APPROACH
Effects of increasing doses of SB on blood-milk barrier function and inflammation are studied in BALB/c mice with LPS-induced
mastitis. The underlying mechanisms of anti-inflammatory effects of SB were further investigated in LPS-stimulated mouse
mammary epithelial cells (mMECs).

KEY RESULTS
The results show that SB decreased LPS-induced disruption in mammary tissues, infiltration of inflammatory cells and the levels of
TNF-α, IL-6 and IL-1β. SB up-regulated the tight junction proteins occludin and claudin-3 and reduced blood-milk barrier per-
meability in LPS-induced mastitis. Studies in vitro revealed that SB inhibited LPS-induced inflammatory response by inhibition of
the NF-κB signalling pathway and histone deacetylases in LPS-stimulated mMECs.

CONCLUSIONS AND IMPLICATIONS
In our model, SB protected against LPS-induced mastitis by preserving blood-milk barrier function and depressing pro-
inflammatory responses, suggesting the potential use of SB as a prophylactic agent to protect blood-milk barrier function in
mastitis.

Abbreviations
HDACs, histone deacetylases; mMECs, mouse mammary epithelial cells; MPO, myeloperoxidase; SB, sodium butyrate;
SCFAs, short-chain fatty acids; TBST, Tris-buffered saline with Tween; TJs, tight junctions
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Introduction
The mammary gland is a highly specialized organ that pro-
vides milk to the suckling infant in female mammals. Milk
is secreted by alveolar mammary epithelial cells (MECs) in
lactating mammary glands. However, mastitis, the inflamma-
tion of mammary glands resulting from pathogenic bacterial
invasion, disrupts normal milk secretion from alveolar epi-
thelial cells (Akers and Nickerson, 2011). The blood-milk bar-
rier is an important physical barrier that provides important
protection for milk integrity and the health of pups (Zhang
et al., 2015). However, the blood-milk barrier formed by alve-
olar TJs becomes leaky in mastitis. There is some evidence
that mastitis leads to losses in mammary function are directly
contributing to disruption of alveolar cell integrity. Burton
and Erskine (2003) have suggested that alteration of the
blood-milk barrier led to the leakage of blood constituents
during the early acute stage of mammary inflammation. Fur-
thermore, it was reported that LPS induced the weakening
and disruption of the blood-milk barrier by compositional
changes of claudins in alveolar epithelial tight junctions.
The tight junction complexes consist of epithelial cells and
intercellular junctions (Koch and Nusrat, 2009) that are spe-
cific structures localized at the apical-most region of the epi-
thelial cell membranes (Tsukita and Furuse, 2000). To date,
many protein components of tight junctions have been iden-
tified, such as claudins, occludin and junctional adhesion
molecules (Edelblum and Turner, 2009). Patients with inflam-
matory bowel disease demonstrate a loss of tight junction
barrier function, increased production of pro-inflammatory
cytokines and immune dysregulation. Considerable evidence
suggests that maintaining tight junction networks benefits
some gastrointestinal diseases (Fillon et al., 2009; Rama-
krishna, 2009). In this study, we have explored the possibility
that the protective effects of sodium butyrate (SB) (Figure 1)
on the blood-milk barrier are exerted through preserving
tight junctions in a model of mastitis induced by LPS.

Gut commensal bacteria form the gastrointestinal im-
mune system and have critical roles on the adaptive immune
system. Recent evidence suggests that products of intestinal
microbiotamight have profound effects on inflammatory dis-
ease pathogenesis (Mazmanian et al., 2008; Wen et al., 2008).
Germ-free mice re-colonized with gut microbiota showed a
marked reduction in inflammation. Germ-free mice are more
susceptible to dextran sulfate sodium-induced colonic in-
flammation (Maslowski et al., 2009). Short-chain fatty acids
(SCFAs) acetate (C2), propionate (C3) and butyrate
(C4) are fermentation end products produced by the intesti-
nal microbiota, especially by anaerobic bacteria (Wong
et al., 2006). They have profound effects on gut function, me-
diated by the FFA2 and FFA3 receptors, by suppressing

intestinal inflammation and maintaining intestinal homeo-
stasis (Arpaia et al., 2013; Smith et al., 2013; Chang et al.,
2014; Singh et al., 2014). SCFAs ameliorate inflammation
through activating NF-κB signalling pathways (Machado
et al., 2012) although SCFAs can also suppress NF-κB activa-
tion (Yin et al., 2001). On the other hand, butyrate acts as
an inhibitor of histone deacetylases (HDACs) in a vari-
ety of cells. For instance, butyrate suppresses the expression
of pro-inflammatory cytokines in dendritic cells through
inhibiting HDAC activity (Arpaia et al., 2013). Furthermore,
in intestinal macrophages, butyrate decreases LPS-induced
release of pro-inflammatory mediators via HDAC inhibition
(Chang et al., 2014). Many studies have confirmed the rela-
tionship of inflammation to barrier function, but the protec-
tive effects of SB on the blood-milk barrier and its underlying
mechanism remain ill-defined. Here, the protective effects
and the molecular basis of action of SB were investigated by
assessing alterations in the integrity of the blood-milk barrier
and the inflammatory response to LPS.

Methods

Mouse mammary epithelial cell culture
Mouse MECs (mMECs) were purchased from the American
Type Culture Collection (ATCC, ATCC® CRL-3063™) and
cultured in DMEM-F12 1:1 medium (Hyclone, Logan, CA,
USA) containing 10% FBS (Clark), 100 U·mL-1 penicillin and
100 μg·mL�1 streptomycin (Hyclone) at 37°C in a humidified
incubator with 5% CO2.

MTTassay
The effect of SB on cell viability was determined using the
MTT assay. The mMECs were treated with SB at a concentra-
tion of 100 μM to 2 mM for 18 h. Subsequently, 20 μL MTT
(5mg·mL�1) was added to each well. After 4 h, the superna-
tant was removed and the formation of formazan was re-
solved with 150 μL per well of DMSO. The absorbance (OD)
was measured at 570 nm on microplate reader.

Real-time PCR
Cells washed twice with cold PBS, and total RNA was isolated
using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA). Total
RNA concentration was measured with a spectrophotometer
(KO, K5500), and cDNA was synthesized with RevertAid First
Strand cDNA Synthesis Kit (ThermoFisher Scientific,
Waltham, MA, USA). Primers were designed based on se-
quences from the National Center for Biotechnology
Information Database. Specificity was determined with
Primer-BLAST. Primer sequences are designed in Table 1. All
PCR primers were synthesized by Sangon Biotech (Shanghai,
China). QRT-PCR was conducted using SYBR Green Supermix
on an Applied Biosystems (AB) 7500 Real-Time PCR System.
PCR amplification conditions were as follows: 50°C (2 min)
and 95°C (10 min) followed by 40 cycles of 95°C (15 s) and
60°C (1 min). The comparative Ct method was used to quan-
tify normalized target gene expression relative to the calibra-
tor, and the gene expression levels were analysed with the
2�△△CT method.

Figure 1
Chemical structure of sodium butyrate.
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Animals
All animal care and experimental procedures in the study
were conducted in accordance with the animal ethics com-
mittee of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the In-
stitutional Animal Care and Use Committee of the University
of Arizona. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and
Lilley, 2015). Pregnant BALB/c mice (10–12 weeks old,
25–30 g weight) were purchased from the Center of Experi-
mental Animals of Baiqiuen Medical College of Jilin Univer-
sity (Jilin, China). The animals were housed in stainless
steel cages in a room kept at 24 ± 1°C with a 12 h light/12 h
dark cycle and had free access to food and water. Care condi-
tions were adapted to facilitate access of the animals to food
and water ad libitum during the experiments. Randomization
was used to assign samples to the experimental groups and to
collect and process data. The experiments were performed by
investigators blinded to the treatment groups.

Experimental design
The mice were randomly divided into six groups (n = 12 per
group): control, LPS treatment, 50 mg·kg�1 SB pretreatment
followed by LPS treatment (SB + LPS), 100 mg·kg�1 SB pre-
treatment followed by LPS treatment (SB + LPS), 200 mg·kg�1

SB pretreatment followed by LPS treatment (SB + LPS) and
5mg·kg�1 dexamethasone pretreatment followed by LPS
treatment (DEX + LPS). On day 10 of lactation, dexametha-
sone or the different concentrations of SB were injected i.p.,
whereas the control and LPS-treated groups were similarly
injected with an equal volume of sterile saline. One hour after
administration of SB, dexamethasone or saline, LPS
(0.2mg·mL�1) was injected into the fourth inguinal mam-
mary gland. Twenty-four hours after LPS injection, the mice
were anaesthetized with ketamine (30 mg·kg�1) and xylazine
(6mg·kg�1) and the mammary glands were collected.

Histopathology
The mammary glands were fixed in 10% buffered formalin in
PBS immediately after the mice were killed. Tissues were em-
bedded in paraffin and sliced into 5 μm sections. For the

evaluation of histological changes, the tissues were stained
with haematoxylin–eosin and observed under a microscope.

Immunofluorescence
To visualize alveolar tight junction permeability, the ani-
mal was anaesthetised as above and 3 mg·mL�1 FITC-
conjugated albumin were used to treat the mammary
glands as described (Kobayashi et al., 2013). Briefly, the
mammary gland was removed and immersed in a solution
containing 3 mg·mL�1 FITC-albumin for 10 min. After
treatment of the gland, it was further fixed in 4% parafor-
maldehyde for 10 min, embedded in optimal cutting tem-
perature compounds and frozen at �80°C. Cryosections
(6 μm) were further fixed and treated with DAPI. Images
of the stained cryosections were observed using a confocal
laser-scanning microscope.

ELISA and myeloperoxidase (MPO) activity
assay
The levels of TNF-α, IL-6 and IL-1β in mammary glands were
determined using the mouse ELISA kits (eBioscience, San
Diego, CA, USA) according to the manufacturer’s instruc-
tions. MPO activity was assessed by ELISA kits (Nanjing
Jiancheng Bioengineering Institute, China) according to the
manufacturer’s instructions.

Immunohistochemistry for MPO
For MPO immunohistochemistry of paraffin sections, the
mammary glands were fixed with 10% buffered formalin
and then embedded in paraffin. The embedded samples were
cut into 5 μm sections. The sections were treated with 3%
H2O2 for 10 min and incubated with the rabbit IgG against
mouse MPO (1:200; RB-373-A0; ThermoFisher Scientific)
overnight at 4°C after three washes with PBS. The sections
were washed three times and exposed to HRP-conjugated
second antibody. All the sections were analysed after diami-
nobenzidine staining.

Western blotting analysis
After stimulation, mMECs and the mammary tissue samples
were obtained, and the whole protein was extracted with a to-
tal protein extraction kit (ThermoFisher Scientific) according

Table 1
Primers used in this study

Gene Primer Sequence 50 > 30 Product size (bp)

TNF-α Sense ACGGCATGGATCTCAAAGAC 116

Anti-sense GTGGGTGAGGAGCACGTAGT

IL-1β Sense GCTGCTTCCAAACCTTTGAC 121

Anti-sense AGCTTCTCCACAGCCACAAT

IL-6 Sense CCGGAGAGGAGACTTCACAG 134

Anti-sense CAGAATTGCCATTGCACAAC

GAPDH Sense TGCTGTCCCTGTATGCCTCT 224

Anti-sense TTTGATGTCACGCACGATTT
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to the manufacturer’s instructions. Briefly, the collected cells
were washed with PBS and lysed in cell lysis buffer (Beyotime
Biotechnology, Shanghai, China) and then incubated on ice
for 30 min. The cell lysates were centrifuged at 12 000 × g
for 10 min at 4°C, the protein concentrations were deter-
mined using the bicinchoninic acid (BCA) protein assay kit
and the supernatants were mixed with one quarter volume
of 4 × SDS sample buffer, boiled for 10 min. The mammary
gland was homogenized with a lysis buffer with protease
and phosphatase inhibitors and then centrifuged at
15 000 × g for 10 min at 4°C. The supernatant was collected,
and the total protein concentration was determined using
the BCA protein assay kit. Next, each sample (50 μg total pro-
tein) was separated by 10% SDS polyacrylamide gels and elec-
trophoretically transferred onto PVDF membranes. The
membranes were blocked with 5% non-fat dried milk pro-
teins in 0.05% Tris-buffered saline with Tween (TBST) for
2 h at room temperature. The membranes were then incu-
bated with primary antibodies (1:1000 dilution) at 4°C over-
night. After washing with TBST, incubation with a 1:5000
dilution of HRP-conjugated secondary antibodies was per-
formed for 1 h at room temperature. Specific bands were visu-
alized with an ECL detection kit (ThermoFisher Scientific).

Data and statistical analysis
The data and statistical analysis in this study comply with
the recommendations on experimental design and analysis
in pharmacology (Curtis et al., 2015). Data are presented as
mean ± SEM. All data were analysed using GraphPad Prism
5 (GraphPad InStat Software, San Diego, CA, USA).

Comparison between groups was made with the one-way
ANOVA followed by Dunnett’s test. For all one-way
ANOVAs, post hoc tests were run only if F achieved
P < 0.05 and there was no significant variance inhomoge-
neity. Statistical significance was set to P < 0.05.

Materials
Dexamethasone, SB, LPS, trichostatin A (TSA) and
albumin-fluorescein isothiocyanate-conjugated albumin
(FITC albumin) were all purchased from Sigma-Aldrich
(St. Louis, MO, USA). Histone HCK9ac antibody was pur-
chased fromGenetex (Irvine, CA, USA). Rabbit polyclonal an-
tibodies against claudin-1 and claudin-3 were obtained from
Invitrogen/Zymed Laboratories, San Francisco, CA, USA),
mouse monoclonal antibodies against occludin (Invitrogen/
Zymed Laboratories). Mouse TNF-α, IL-6 and IL-1β ELISA kits
were obtained from eBioscience. All of the antibodies for
Western blots were purchased from Cell Signaling Technol-
ogy Inc. (Beverly, MA, USA). HRP-conjugated goat anti-rabbit
and goat anti-mouse antibodies were provided by GE
Healthcare 5 (Little Chalfont, Bucks, UK). All other chemicals
were of reagent grade.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide
to PHARMACOLOGY (Southan et al., 2016), and are perma-
nently archived in the Concise Guide to PHARMACOLOGY
2015/16 (Alexander et al., 2015a,b).

Figure 2
Effects of SB on LPS-induced histopathological impairment of mammary gland. BALB/c mice were challenged by intramammary injection of 10 μg
LPS. Mammary glands were collected 24 h after challenge with LPS. Haematoxylin–eosin staining of formalin-fixed mammary gland. Histopath-
ological sections of mammary gland. Scale bars: 25 μm. Normal mammary gland (A) and 24 h after LPS injection, showing infiltration of inflam-
matory cells (B), the LPS + DEX group (C), the LPS + SB (50 mg·kg�1) (D), the LPS + SB (100 mg·kg�1) (E) and the LPS + SB (200 mg·kg�1) (F). The
histological morphology and pathology results showed that treatment with SB and dexamethasone alleviated LPS-induced pathological changes.
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Results

Effects of SB on LPS-induced histopathological
impairment of mammary gland
Compared with the control group, histopathological exami-
nation of LPS-challenged mammary glands revealed massive
recruitment of neutrophils into the alveolar lumen and milk
ducts. However, these LPS-induced pathological changes
were significantly attenuated by treatment with SB (50, 100
and 200 mg·kg�1) or dexamethasone (5 mg·kg�1) (Figure 2).

Effects of SB on MPO activity
Activation of MPO, which directly reflects neutrophil accu-
mulation, is a functional biomarker of neutrophils. The

results of MPO immunohistochemistry and activity assay
are shown in Figure 3. LPS challenge significantly increased
the activity and distribution of MPO in the mammary gland,
compared with the control group. However, treatment with
SB (50, 100 and 200 mg·kg�1) or dexamethasone (5 mg·kg�1)
significantly decreased the activity and distribution of MPO
in mammary gland tissues, challenged with LPS.

Effects of SB on inflammatory cytokines levels
in mammary gland
The levels of pro-inflammatory cytokines TNF-α, IL-1β and
IL-6 were measured by ELISA. As shown in Figure 4, the levels
of TNF-α, IL-6 and IL-1β in the mammary tissues were signifi-
cantly increased after LPS administration. SB (50, 100 and

Figure 3
(A) Representative photomicrographs of mammary gland: MPO immunohistochemical staining (×400) in BALB/c mice with LPS treatment. Al-
most no MPO immunostaining was observed in mammary glands from the control group (a) and the LPS + Dex group (c). The intensity in the
LPS group (b) was significantly higher, and there was a gradual decrease in intensity in the LPS + SB (50 mg·kg�1) (d), the LPS + SB (100 mg·kg�1)
(e) and the LPS + SB (200mg·kg�1) (f). Neutrophil accumulation in the mammary gland was assessed by the MPO assay (B). MPO activity in mam-
mary gland BALB/cmice 24 h after intramammary challenge with 10 μg LPS, compared with control group. Data shown aremeans ± SEM (n = 12).
#P<0.05, significantly different from control; *P<0.05, significantly different from LPS alone.
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200 mg·kg�1) or dexamethasone (5 mg·kg�1) inhibited the
production of TNF-α and IL-6, induced by LPS, in a dose-
dependent manner.

Effects of SB on the blood-milk barrier structure
and function in LPS-induced mastitis model
To evaluate the effects of SB on the blood-milk barrier, the
leakage of FITC-albumin from the interstitial side into the
alveolar lumen was assessed. As shown in Figure 5, before
LPS injection, FITC-albumin was clearly localized on the
interstitial side, including the intercellular regions of the
neighbouring alveolar epithelial cells. However, 24 h after
LPS injection FITC-albumin was distributed in parts of the
mammary alveolar lumen. Treatment of the mice with SB
reduced the amount of FITC-positive reactions in the alveolar
lumen.

To investigate the protective effects of SB on the
LPS-induced disruption of tight junctions, the levels of
marker proteins for tight junctions, such as claudin-1,
claudin-3 and occludin, were determined by Western blot-
ting. As shown in Figure 6, claudin-1 was barely detected in
the mammary gland before LPS injection and LPS clearly in-
duced expression of claudin-1. However, SB pretreatment

inhibited the expression of claudin-1. Another tight junction
marker, claudin-3, but not occludin, was down-regulated in
mice treated with LPS alone, compared with the control
group. SB pretreatment significantly increased the expression
of both of these tight junctionmarkers, suggesting the impor-
tance of SB for maintaining the integrity of the junction
complex.

Effects of SB on cell viability
The potential cytotoxicity of SB on mMECs was analysed by
MTT assay. As shown in Figure 7, viability of the mMECs
was not affected by SB, over a wide concentration range
(0.1- 2 mM).

Effects of SB on cell cytokine production in
LPS-induced mMECs
Previous studies have demonstrated that SB inhibits HDAC
activity (Davie, 2003). To determine whether SB behaves as
an HDAC inhibitor in mMECs, we treated mMECs with the
well-characterized HDAC inhibitor TSA, in combination with
LPS (Figure 8A). The results showed that SB, as well as TSA,
suppressed TNF-α, IL-6 and IL-1β expression in LPS-
stimulated mMECs in a dose-dependent manner (Figure 8B).

Figure 4
Effects of SB on levels of inflammatory cytokines in mammary gland. Levels of TNF-α, IL-1β and IL-6 were measured by ELISA. Data shown are
means ± SEM (n = 12). #P<0.05, significantly different from control; *P<0.05, significantly different from LPS alone; one-way ANOVA followed
by Dunnett’s test.

Figure 5
Effects of SB on the permeability of the blood-milk barrier in LPS-induced mastitis and the localization of FITC-albumin was observed. Green and
blue show FITC-albumin and nuclei (DAPI) respectively. Control group, FITC-albumin can be seen in interstitial side. LPS group, the mammary
gland 24 h after LPS injection was treated with FITC-albumin, FITC-albumin can be seen in the lumen. Treatment with SB reduced the leakage
of FITC-albumin. Original magnification 400×.
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Effects of SB on HDACs in LPS-induced
mMECs
To further demonstrate that SB acts as an HDAC inhibitor, we
treated mMECs with varying amounts of SB and quantified
acetylation of histone H3 by Western blot. As observed with
the known HDAC inhibitor TSA, SB also increased histone
acetylation in a dose-dependent manner, suggesting that bu-
tyrate behaves as an HDAC inhibitor in mMECs (Figure 9).

Effects of SB on the NF-κB signalling pathway
in LPS-induced mMECs
LPS stimulate NF-κB signalling pathway with phosphoryla-
tion of NF-κB and IκB. To explore whether NF-κB is involved

in regulation of inflammatory responses by SB, we evaluated
the phosphorylation level of NF-κB and IκB. The results
showed that the expression of phosphorylated IκB and p65
increased significantly in the LPS group compared with the
control group. Also, pretreatment with various
concentrations of SB significantly inhibited the phosphoryla-
tion of IκB and NF-κB P65 in a dose-dependent manner
(Figure 10A). However, IκB is degraded after phosphorylation
to facilitate nuclear translocation of NF-κB. Therefore, we
investigated the time-dependent change of phosphorylated-
IκB in mMECs treated with LPS alone or with LPS with SB
pretreatment (Figure 10B). Stimulation of mMECs with LPS
primarily resulted in increased phosphorylation of IκB.
Pretreatment of mMECswith SB abolished LPS-induced phos-
phorylation of IκB. These results indicated that the activation
of NF-κB plays a crucial role in the process of SB moderating
the inflammation in our model of mMECs exposed to LPS.

Discussion
The therapeutic benefits of SB in the treatment of several in-
flammatory diseases have been previously recognized. Our
studies have shown that SB treatment significantly amelio-
rated mammary tissue injury in LPS-induced mastitis. To
identify the mechanisms of these beneficial effects of SB on
LPS-stimulated model of mastitis, the anti-inflammatory ac-
tivity of SB was assessed. Tissue damage during mastitis can
initially be caused by bacteria and their products. Mastitis is
characterized by an infiltration of immune cells, such as poly-
morphonuclear neutrophils and macrophages, into the
mammary gland (Zhao and Lacasse, 2008). Our finding
showed that infiltration of immune cells was markedly re-
duced with SB treatment. MPO activity directly reflects

Figure 6
Expression of tight junction proteins was determined by Western blotting. Quantification of tight junction proteins was determined by densitom-
etry and has been normalized to β-actin. Data shown are means ± SEM (n = 12). #P<0.05, significantly different from control; *P<0.05, signifi-
cantly different from LPS alone; one-way ANOVA followed by Dunnett’s test.

Figure 7
Effects of SB on cell viability. Cells were cultured with different con-
centrations of SB (0.1, 0.25, 0.5, 1, 1.5 or 2 mM) for 18 h. The cell
viability was determined byMTT assay. Data shown are means ± SEM
(n = 6).
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neutrophils accumulation in the mammary gland and our re-
sults indicated that MPO activity was significantly reduced
with SB treatment.

Mastitis is a common infectious condition of the
mammary gland and LPS, a powerful bacterial virulence fac-
tor, is a common trigger of inflammation (Atabai and

Matthay, 2002; Maybauer et al., 2006). LPS is widely used to
induce mastitis models for the study of this disease (Yang
et al., 2014). Mammary alveolar MECs form less permeable
tight junctions that prevent the leakage of milk components
and interstitial fluid during lactation (Stelwagen et al., 1997;
Nguyen and Neville, 1998; Itoh and Bissell, 2003). However,

Figure 8
Effects of SB and TSA on cytokine production in LPS-inducedmMECs. Cells were pretreated with SB (0.1, 0.25, 0.5 or 1mM) or TSA (6.25, 12.5, 25
or 50 nM) for 12 h followed by incubation with 1 μg·mL�1 LPS for 1 h. Total RNA was extracted frommMECs and analysed for mRNA of TNF-α, IL-
1β, IL-6 and GAPDH and was measured by qRT-PCR using specific primers. Data shown are means ± SEM (n = 6). #P<0.05, significantly different
from control; *P<0.05, significantly different from LPS alone; one-way ANOVA followed by Dunnett’s test.

Figure 9
Effects of SB or TSA on histone acetylation in LPS-induced mMECs. Cells were pretreated with SB (0.1, 0.25, 0.5 and 1 mM) or TSA (6.25, 12.5, 25
and 50 nM) for 12 h followed by incubation with 1 μg·mL�1 LPS for 1 h. (A) Protein samples were probed for acetylated histone H3 (Ac-H3) by
Western blotting with specific antibodies. (B) Quantification of H3 acetylation was determined by densitometry and is normalized to β-actin. Data
shown are means ± SEM (n = 6). #P<0.05, significantly different from control; *P<0.05, significantly different from LPS alone; one-way ANOVA
followed by Dunnett’s test.
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the blood-milk barrier formed by alveolar tight junctions be-
comes leaky in mastitis (Nguyen and Neville, 1998). In this
study, the leakage of FITC-albumin from the interstitial side
into the alveolar lumen was observed, following treatment
with LPS. Correspondingly, treatment of the mammary gland
with SB caused reduced this LPS-induced leakage of FITC-
albumin into the alveolar lumen. As recognised, the structure
and functional integrity of tight junctions are maintained by
the tight junction proteins, claudin and occludin (Furuse
et al., 1994; Shen et al., 2006). Among these tight junction
proteins, the claudin family is known to be themain determi-
nant of barrier properties (Amasheh et al., 2011). Occludin,
which was the first transmembrane protein identified, has
critical effects in maintaining intercellular permeability and
transepithelial resistance (Mitic and Anderson, 1998). In our

experiments, we showed that SB up-regulated the expression
of these tight junction-associated proteins. The protective ef-
fects of SB on the blood-milk barrier could thus be mediated
by maintaining the functional integrity of tight junctions,
thereby reducing the severity of inflammation in the mam-
mary gland.

Cytokines, such as TNF-α, IL-1β and IL-6, are known to be
involved in host defence against inflammatory diseases
(Boudjellab et al., 2000). TNF-α can amplify the inflammatory
cascade via triggering the release of other pro-inflammatory
cytokines and enhancing the activation and accumulation
of leukocytes (Hibi et al., 2003). The expression of these cyto-
kines is significantly increased inmousemammary glands ex-
posed to LPS (Li et al., 2013). Our finding that pretreatment
with SB reduced the levels of TNF-α, IL-1β and IL-6 in the

Figure 10
Effects of SB on the NF-κB signalling pathway in LPS-induced mMECs. Cells were pretreated with SB (0.1, 0.25, 0.5 or 1 mM) for 12 h followed by
incubation with 1 μg·mL�1 LPS for 1 h. Protein samples were analysed by Western blotting with specific antibodies. Quantification of protein sam-
ples was determined by densitometry and is normalized to β-actin (A). In (B), the time-dependent change of phosphorylated-IκB in mMECs
treated with LPS alone or with LPS plus SB (B). Data shown are means ± SEM (n = 6). #P<0.05, significantly different from control; *P<0.05, sig-
nificantly different from LPS alone; one-way ANOVA followed by Dunnett’s test.
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mammary gland suggests that SB ameliorated LPS-induced
mastitis via the suppression of pro-inflammatory mediators.
Increasing evidence suggests that pro-inflammatory cyto-
kines act as an important regulator in inflammation-related
disruption of tight junctions in the epidermis (Kirschner
et al., 2009), intestinal epithelium (Schulzke et al., 2009), cor-
neal epithelium (Yi et al., 2000) and blood–brain barrier
(Stamatovic et al., 2008). A decrease in cytokine production
may facilitate the recovery of epithelial barrier function
(Maggini et al., 2007). Thus, the decrease in pro-
inflammatory cytokines, following treatment with SB in
LPS-induced mice, may play a role not only in anti-
inflammatory responses, but also in restoring epithelial bar-
rier function.

The decrease in pro-inflammatory cytokines gene expres-
sion prompted us to examine the effect of SB on NF-κB activa-
tion. NF-κB is a nuclear transcription factor that plays a major
role in the regulation of gene expression involved with many
cellular processes (Baeuerle and Baichwal, 1997). Once acti-
vated, the NF-κB subunit p65 separates from IκB and translo-
cates from the cytoplasm to the nucleus (Hoshino et al.,
1999). Increasing evidence indicates that the NF-κB pathway
contributes to inflammatory diseases and to the overexpres-
sion of pro-inflammatory cytokines, such as TNF-α, IL-6 and
IL-1β (Moynagh, 2005). Butyrate reduced production of pro-
inflammatory cytokines by modulating the activity of NF-κB
(Zapolska-Downar et al., 2004) and it has been proposed that,
through targeting NF-κB, it may thus be possible to suppress
inflammation in the mammary gland. Moreover, some stud-
ies (Aveleira et al., 2010; Kamekura et al., 2010; Tang et al.,
2010; Choi et al., 2012) have indicated that the activation of
the NF-κB pathway increases tight junction permeability.
Therefore, we investigated the mechanism by which SB af-
fected NF-κB activation in LPS-exposed mMECs. Our results
showed that LPS markedly induced the activation of NF-κB
p65 subunit and the degradation of IκBα, and pretreatment
with SB inhibited the phosphorylation of these molecules in
a dose-dependent manner. These results suggest that the
anti-inflammatory effects of SB are related to the down-
regulation of NF-κB in LPS-induced mMECs.

It is well established that class I HDACs 1, 2 and 3 play vi-
tal roles in the regulation of pro-inflammatory gene expres-
sion in immune cells (Ziesche et al., 2013; Dekker et al.,
2014). Modulation of these enzymes using HDAC inhibitors
has emerged as a promising treatment not only for cancer
(Kelly et al., 2003) but also for asthma, inflammatory diseases,
neurodegenerative diseases, rheumatoid arthritis and malaria
(Bhavsar et al., 2008; Grabiec et al., 2008; Andrews et al., 2009;
Dietz and Casaccia, 2010). Previous studies showed that
HDAC inhibitors could inhibit NF-κB activation. To further
investigate the anti-inflammatory mechanism of SB, we ex-
amined the possibility that SB acts as an HDAC inhibitor in
LPS-stimulated mMECs. We found that SB or the known
HDAC inhibitor TSA, increased the acetylation of lysine 9 of
histone 3 (H3K9). Moreover, both SB and TSA inhibited the
amounts of TNF-α, IL-1β and IL-6, suggesting that SB down-
regulated the inflammatory responses through HDAC
inhibition.

In conclusion, our study has demonstrated that SB
protected against LPS-induced mastitis by ameliorating
blood-milk barrier disruption and inhibiting inflammatory

responses. The anti-inflammatory mechanism involved inhi-
bition of HDACs, which subsequently inhibited LPS-induced
NF-κB activation and the production of pro-inflammatory cy-
tokines. This study provides new insights into the protective
actions of SB, which may serve as a potential prophylactic
agent to protect the barrier function in mastitis.
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