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Background/Aims:Mastitis is an acute clinical inflammatory response. The occurrence

and development of mastitis seriously disturb women’s physical and mental health.

Licochalcone A, a phenolic compound in Glycyrrhiza uralensis, has anti-inflammatory

properties. Here, we examined the effect of licochalcone A on blood-milk barrier and

inflammatory response in LPS-induced mice mastitis.

Methods: In vivo, we firstly established mice models of mastitis by canal injection of

LPS to mammary gland, and then detected the effect of licochalcone A on pathological

indexes, inflammatory responses and blood-milk barrier in this model. In vivo, Mouse

mammary epithelial cells (mMECs) were treated with licochalcone A prior to the

incubation of LPS, and then the inflammatory responses, tight junction which is the basic

structure of blood-milk barrier were analyzed. Last, we elucidated the anti-inflammatory

mechanism by examining the activation of mitogen-activated protein kinase (MAPK) and

AKT/NF-κB signaling pathways in vivo and in vitro.

Result: The in vivo results showed that licochalcone A significantly decreased the

histopathological impairment and the inflammatory responses, and improved integrity

of blood-milk barrier. The in vitro results demonstrated that licochalcone A inhibited

LPS-induced inflammatory responses and increase the protein levels of ZO-1, occludin,

and claudin3 in mMECs. The in vivo and in vitro mechanistic study found that the

anti-inflammatory effect of licochalcone A in LPS-induced mice mastitis was mediated

by MAPK and AKT/NF-κB signaling pathways.

Conclusions and Implications: Our experiments collectively indicate that licochalcone

A protected against LPS-induced mice mastitis via improving the blood–milk

barrier integrity and inhibits the inflammatory response by MAPK and AKT/NF-κB

signaling pathways.
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INTRODUCTION

Mastitis, a common clinical disease in both animals and
humans (1, 2), is an acute condition with obvious symptoms of
inflammation. Uncontrolled mastitis can be extremely harmful
to lactating women (3, 4). Moreover, mastitis has a potential
negative effect on breastfeeding and is a main cause of
considerable physical and psychological pain during lactation
(5, 6). In general, antibiotic treatment is the most commonly used
strategy for treating acute mastitis. However, while antibiotics
generally have a positive effect on bacteriostasis (7), they
are not useful for controlling the development of subsequent
inflammation (8).

Licochalcone A is a phenolic chalcone compound initially
isolated from Glycyrrhiza uralensis in 1975 by Saitoh (9). The
structure of licochalcone A and various biological activities
have been established to date (Figure 1) (10), including anti-
inflammatory (11), anti-oxidation (12), antiseptic, and anti-
tumor properties (13, 14). As a traditional Chinese medicine
monomer with anti-inflammatory and anti-bacterial properties
(15, 16), it has several advantages over traditional antibiotics.
Drug resistance to this compound is relatively uncommon
(17), along with a significant inhibitory effect on inflammation.
Therefore, we speculate that licochalcone A may also have a
protective effect on mastitis.

The blood–milk barrier is important for mammary gland
resistance to the external environment (18). Destruction of the
blood–milk barrier aggravates bacterial infection and promotes
the development of inflammation (19). Acute mastitis is usually
caused by infection of gram-negative bacteria and explosive
proliferation (20). Escherichia coli, a common gram-negative
bacterium, is widely present in the external environment and an
important cause of acute mastitis (21). Lipopolysaccharide (LPS)
in E. coli can cause severe immune response to mammary gland
(22). However, LPS also destroys the blood–milk barrier and
promotes the occurrence and development of inflammation (23).
So in our experiments, mouse mastitis model was constructed
using LPS extracted from E. coli. LPS can activate MAPK and
AKT/NF-κB signaling pathways, which causes mouse mammary

FIGURE 1 | Structure of licochalcone A.

epithelial cells (mMECs) to release a large number of pro-
inflammatory factors, destroy the epithelial barrier and accelerate
the development of mastitis (24, 25). Therefore, inhibiting the
release of pro-inflammatory factors in mMECs and protecting
the tight junction of mMECs may play an important role in
alleviatingmastitis. So the purpose of our study was to explore the
effect of licochalcone A on inflammatory responses and blood-
milk barrier in LPS-induced in vivo and in vitromastitis models.

MATERIALS AND METHODS

Drugs and Reagents
Licochalcone A (purity >98%) was obtained from Chengdu
Pufei De Biotech Co., Ltd, dimethylsulfoxide (DMSO) from
Sigma Chemical Co. (St. Louis, MO, USA), and fetal bovine
serum (FBS) from Clark Bioscience Co. (Richmond, va, USA).
Dulbecco’s modified Eagle’s medium (DMEM) for cell culture
was obtained from Invitrogen-Gibco (Grand Island, NY, USA).
Cell Counting Kit-8 (CCK8) was acquired from Saint-Bio Co.
(Shanghai, China). 3,3′,5,5′-Tetramethylbenzidine, Resorcinol,
H2O2 and Hepes were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Enzyme-linked immunosorbent assay (ELISA)
kits for TNF-α, IL-6 and IL-1β were obtained from Biolegend
Co. (San Diego, CA, USA). The primary antibodies AKT, p-
AKT, ERK1/2, p-ERK1/2, JNK1/2, p-JNK1/2, P38, p-P38, IκBα,
p-IκBα, NF-κB-p65, and p-NF-κB-p-p65 were purchased from
Cell Signaling Technology (CST) (Danvers, MA, USA). ZO-1
was acquired from Proteintech (Chicago, IL, USA). Claudin-
3, COX-2 and iNOS were purchased from Abcam (Cambrige,
UK), occludin from Thermo Fisher (Waltham, MA, USA) and
β-tubulin from Bosterbio (CA, USA). The secondary antibodies
used in this study, including Alexa Fluor 594 or Alexa Fluor
488 conjugate donkey anti-rabbit or anti-mouse IgG (H+L)
highly cross-adsorbed secondary antibody were purchased from
Life Technologies (Carlsbad, CA, USA) and HRP-conjugated
goat anti-mouse and goat anti-rabbit secondary antibodies were
purchased from Bosterbio.

Cell Culture
mMECs purchased from American Type Culture Collection
(ATCC R© CRL-3063TM) were cultured in DMEM containing 10%
FBS at 37◦C in a humidified incubator under 5% CO2.

Cell Viability
The effect of licochalcone A on cell viability was determined using
the CCK8 assay. mMECs were treated with licochalcone A (1.2,
1.8, 2.4, and 3µg/mL), LPS (1µg/mL) or LPS+ licochalcone A
(1.2, 1.8, 2.4, and 3µg/mL) for 4 h. Subsequently, 10 µL CCK8
was added to each well. After 1 h, absorbance (OD) was measured
at 450 nm on a microplate reader (Bio-Rad, CA, USA).

Animal Experiments
BALB/c mice (8∼10 weeks old, 25∼30 g weight) were purchased
from the Center of Experimental Animals of Baiqiuen Medical
College of Jilin University (Jilin, China). Animals were housed
in certified, standard laboratory cages and administered food
and water ad libitum before experimental use. All animals care
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and experimental procedures were conducted in accordance with
the guidelines established by the Jilin University Institutional
Animal Care and Use Committee (approved on 27 February
2015, Protocol No. 2015047), designated “Guide for the Care and
Use of Laboratory Animals” and approved by the Institutional
Animal Care and use Committee of the University of Arizona.
Animal studies were performed in compliance with arrive
guidelines (26, 27).

Animal Experimental Design
Lactating mice (5∼7 days after birth of offspring) were randomly
divided into five groups: control (n = 10), LPS (0.2 mg/mL,
50 µL) treatment (n = 10), LPS + licochalcone A (5 mg/kg)
(n = 10), LPS + licochalcone A (10 mg/kg) (n = 10), and
LPS + licochalcone A (15 mg/kg) (n = 10). On day seven of
lactation, the control group was injected with normal saline and
the three treatment groups were injected different concentrations
of licochalcone A (5, 10, and 15 mg/kg). After 1 h, LPS was
injected into the fourth inguinal mammary gland of mice. After
12 h, the licochalcone A treatment group was injected with the
same dose of different concentrations of licochalcone A. At 24 h
after LPS injection, mice were anesthetized with pentobarbital
sodium (45 mg/kg) and the mammary glands were collected.

Evaluation of Histological Changes
For histological analysis of the mammary gland, mice were
euthanized and the four pairs of mammary glands fixed in
4% paraformaldehyde, followed by dehydration with ethanol.
After paraffin embedding, 5µm sections were cut and stained
with hematoxylin and eosin (H&E) according to a previously
described protocol (28). H&E-stained sections were examined
under a light microscope to evaluate pathological changes.
Simultaneously, a standard assessment method was conducted
to determine mammary gland injury. Overall mammary gland
injury was scored based on edema, neutrophil infiltration and
hemorrhage, and three visual fields observed for each slice.
Studies were performed in a blinded manner. Injury scores were
representative of severity (0, no damage; 1, mild damage; 2,
moderate damage; 3, severe damage; 4, very severe damage).

ELISA for TNF-α, IL-6, and IL-1β
The protein levels of TNF-α, IL-6, and IL-1β in mammary
glands were determined by ELISA kits according to the
manufacturer’s instructions.

Myeloperoxidase (MPO) Activity Assay
Mammary glands were collected and weighed, followed by
grinding in 4,000 µL 0.5% hexadecyl trimethyl ammonium
chloride × different weights of mammary gland for 7min (50
times per min) in a lapping instrument. After grinding, samples
were centrifuged for 20min at 12,000 g/min. The supernatant
is the sample of MPO activity assay. Each sample (75 µL) and
substrate (75 µL) (3,3′,5,5′-tetramethylbenzidine, 3mM, 8,798
µL; Resorcinol, 6mM, 180 µL, and H2O2, 3% 2.5 µL) was added
to individual wells for 3∼5min, followed by the addition of
100 µL H2SO4 (2M) to terminate the reaction. Samples were
measured for MPO activity with a microplate reader at OD450.

FITC-Albumin Treatment to Evaluate
Alveolar Tight Junction Permeability
To visualize alveolar tight junction permeability, untreated
mammary glands, or those injected with 50 µL (0.2 mg/mL)
LPS and 5, 10, or 15 mg/kg licochalcone A + LPS, were
treated with FITC-conjugated albumin according to a previously
described protocol (29). In brief, mice were deeply anesthetized
with pentobarbital and the fourth mammary gland surgically
exposed. The mammary gland was immersed in 2mL PBS
containing 3 mg/mL FITC-albumin to expose the interstitial side
of alveolar epithelial cells for 10min. After treatment with FITC-
albumin, the mammary gland was washed in PBS three times and
immersed in PBS containing 4% paraformaldehyde for 15min.
The pre-fixed mammary gland was embedded in optimal cutting
temperature (OCT) compound and frozen in liquid nitrogen
after which 5µm cryosections were obtained. Cryosections were
stained with 4’,6-diamidino-2-phenylindole (DAPI) and images
observed under a fluorescence microscope (TCS SP5; Leica,
Mannheim, Germany).

Immunofluorescence Assays
As above, the mammary gland was embedded in OCT
compound and frozen in liquid nitrogen to acquire 5µm
cryosections. Cryosections of mammary glands were fixed with
4% paraformaldehyde in PBS (pH 7.4) for 40min at room
temperature, and then incubated with PBS containing 5% donkey
serum albumin to block non-specific interactions. After blocking,
the sections were treated with primary antibodies diluted in
5% donkey serum albumin solution overnight at 4◦C, and then
washed with PBS three times for 5min each. After washed with
PBS, the sections were exposed to secondary antibodies diluted in
5% donkey serum albumin solution for 1 h at room temperature.
Controls were treated in a similar manner, except that primary
antibodies were excluded. Finally, all sections were washed three
times with PBS and stained with DAPI for 5min. Images of
stained sections were obtained under a fluorescence microscope.

qRT-PCR Analysis
Total RNA was isolated from cultured mMECs with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and amplification
reactions conducted to detect gene levels of TNF-α, IL-6, and
IL-1β . The primer sequences are shown in Table 1.

TABLE 1 | The primer sequences of TNF-α, IL-1β, IL-6 and β-actin.

Item Primer Length (bp)

TNF-α (sense) 5′-ACGGCATGGATCTCAAAGAC-3′ 116

TNF-α (anti-sense) 5′-GTGGGTGAGGAGCACGTAGT-3′

IL-1β (sense) 5′-GCTGCTTCCAAACCTTTGAC-3′ 121

IL-1β (anti-sense) 5′-AGCTTCTCCACAGCCACAAT-3′

IL-6 (sense) 5′-CCGGAGAGGAGACTTCACAG-3′ 134

IL-6 (anti-sense) 5′- CAGAATTGCCATTGCACAAC-3′

β-actin (sense) 5′-GTCAGGTCATCACTATCGGCAAT-3′ 147

β-actin (anti-sense) 5′-AGAGGTCTTTACGGATGTCAACGT-3′
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FIGURE 2 | Effects of licochalcone A on pathological injury of mammary gland in LPS-induced mice mastitis. Mammary gland tissues from each experimental group

(n = 10) were obtained at 24 h after LPS administration, sectioned and stained with H&E (original magnification 100 ×). Mammary gland tissues of (A) control group,

(B) LPS group, (C) LPS + licochalcone A (5 mg/kg) group, (D) LPS + licochalcone A (10 mg/kg) group, and (E) LPS + licochalcone A (15 mg/kg) group. (F) Mean

injury scores of mammary glands were determined according to a previously described three-point scale. Values are presented as means ± SD (**p < 0.01 and ****

p < 0.0001 vs. LPS group).

FIGURE 3 | Effects of Licochalcone A on inflammatory response in LPS-induced mice mastitis. Mammary gland tissues from each experimental group (n = 10) were

obtained at 24 h after LPS administration. (A) Myeloperoxidase (MPO) activity assay. The protein levels of IL-1β (B), TNF-α (C), and IL-6 (D) were detected using

ELISA. Western blot assay of inducible nitric oxide synthase (iNOS) (E,F) and cyclooxygenase-2 (COX-2) (E,G), and the relative protein levels were quantified by

scanning densitometry and normalized to β-tubulin. Values are presented as means ± SD (*p < 0.05, **p < 0.01, and ****p < 0.0001 vs. LPS group).
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Western Blot
Total proteins were isolated from mMECs and mouse mammary
glands with RIPA lysis buffer (Beyotime, Shanghai, China)
(50mM Tris, pH 7.4; 150mM NaCl; 1% Triton X-100; 1%
sodium deoxycholate; 0.1% SDS; sodium orthovanadate;
sodium fluoride; EDTA, leupeptin; 1mM PMSF). Tissue lysates
were centrifuged at 12,000 g for 5min at 4◦C and protein
concentrations determined with a PierceTM BCA Protein
Assay Kit (Thermo scientific, China). Equal amounts of cell
(25 µg)/mammary gland (60 µg) extracts were subjected to
electrophoresis via 12% sodium dodecyl sulfate-polyacrylamide
(SDS-PAGE) and subsequently transferred to PVDF membranes
(Millipore, Darmstadt, Germany) for antibody blotting.
Membranes were incubated with primary antibodies (1:1,000
dilution) at 4◦C overnight, followed by HRP-conjugated
goat anti-mouse (1:3,000) or goat anti-rabbit secondary
antibody (1:3,000) at room temperature for 1 h. Protein bands
were visualized using a Beyo Enhanced Chemiluminescence
reagent kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions.

Statistical Analysis
Images were generated using GraphPad prism software (La Jolla,
CA, USA). Animals were randomly assigned to groups. In mouse
studies, histological analysis was conducted in a blind design.

In cases where overall F-tests were significant (P < 0.05), post
hoc comparisons using Tukey’s method of adjustment were
conducted to determine the location of significant pairwise
differences. Analyses were performed using GraphPad prism
7.00 software.

RESULTS

Licochalcone A Administration Alleviates
Pathological Injury of Mammary Gland in
LPS-Induced Mice Mastitis
To study the protective effect of licochalcone A on mastitis, the
mammary glands were collected, sectioned and stained withH&E
(Figure 2). There were no pathological injuries of mammary
gland from control group mice (Figure 2A). Compared with
control group, mammary gland from LPS group presented
severe pathological injuries, such as thickening of the alveolar
wall, inflammatory cell infiltration (Figure 2B). However, these
pathological injuries were alleviated by Licochalcone A in a dose-
dependent manner (Figures 2C–F, Supplementary Figure 3).

Licochalcone A Inhibits MPO Activity in
LPS-Induced Mice Mastitis
Neutrophils are the first line of innate immune defense against
infection. The accumulation of neutrophil in mammary gland

FIGURE 4 | Effects of licochalcone A on mitogen-activated protein kinase (MAPK) signaling pathway in LPS-induced mice mastitis. Mammary gland tissues from

different experimental groups were obtained 24 h after LPS administration. The tissue lysates were prepared and subjected to western blot by using p-ERK1/2 (A,B),

p-JNK1/2 (A,C), p-P38 (A,D) antibodies, respectively. Each immunoreactive band was digitized and expressed as a ratio of the β-tubulin level. Values are presented

as means ± SD (****p < 0.0001 vs. LPS group).
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FIGURE 5 | Effects of licochalcone A on AKT/NF-κB signaling pathway in LPS-induced mice mastitis. Mammary gland tissues from different experimental groups

were obtained 24 h after LPS administration and total protein. The tissue lysates were prepared and subjected to western blot by using p-AKT (A,B), p-IκBα (A,C),

and p-P65 (A,D) antibodies, respectively. Each immunoreactive band was digitized and expressed as a ratio of the β-tubulin level. Values are presented as means ±

SD (*p < 0.05, ***p < 0.001, and ****p < 0.0001 vs. LPS group).

FIGURE 6 | Effects of licochalcone A on the permeability of the alveolar epithelium. Mammary gland tissues from different experimental groups were obtained 24 h

after LPS administration and immersed in FITC-albumin containing 0.5mM CaCl2 and 0.5mM MgCl2-containing phosphate-buffered saline (mPBS), and localization

of FITC-albumin observed after cutting frozen sections. Green and blue colors represent FITC-albumin and nuclei (4′,6-diamidino-2-phenylindole, DAPI), respectively.

FITC-albumin was observed in the alveolar lumen of LPS-injected mammary glands.
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FIGURE 7 | Protein levels change in claudin-3, occluding, and ZO-1 after LPS or LPS + licochalcone A injection. Protein levels was measured using ImageJ software

(http://imagej.nih.gov/ij/) and normalized to that of β-tubulin. (A–D) Results of western blot analysis of claudin-3, occludin, ZO-1, and β-tubulin in mammary glands

after LPS and LPS + licochalcone A injection. (B–D) Protein levels of claudin-3, occludin and ZO-1 normalized to that of β-tubulin. (E) Immunostaining images of ZO-1

(green) and nuclear staining with DAPI (blue) in mammary glands treated with LPS and licochalcone A. Values are presented as means ± SD (n = 10 in each group)

(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. LPS group).

reflected the level of inflammation. In order to detect the
degree of inflammation, the activity of MPO, which is a
marker of neutrophil, was detected. The result found that LPS
injection significantly increased MPO activity in mammary
gland tissues compared with control group (Figure 3A).
Compared with LPS group, licochalcone A treatment
remarkably reduced the MPO activity in a dose-dependent
manner (Figure 3A).

Licochalcone A Reduces Pro-Inflammatory
Mediators Production in LPS-Induced Mice
Mastitis
Pro-inflammatory cytokines play important roles in the
development of inflammation. To elucidate the effect of
licochalcone A on the level of inflammation in LPS-induced mice
mastitis, the production of the three major pro-inflammatory
cytokines (including IL-6, IL-1β, and TNF-α) in mammary gland
tissues were detected by ELISA. As shown in Figure 3, LPS
significantly increased the protein levels of IL-6 (Figure 3B),
IL-1β (Figure 3C), and TNF-α (Figure 3D), and licochalcone
A treatment suppressed this effect in mammary gland. iNOS
and COX-2 are two important pro-inflammatory proteins
correlated with inflammation. In our experiments, the
protein levels of iNOS and COX-2 were also examined by

western blot. The result found that LPS injection leading to
remarkably production of iNOS (Figures 3E,F) and COX-2
(Figures 3E,G), and licochalcone A administration significantly
inhibits LPS-induced production of iNOS and COX-2 in
mammary gland.

Licochalcone A Inhibits the AKT/NF-κB
and Mitogen-Activated Protein Kinase
(MAPK) Signaling Pathways in
LPS-Induced Mice Mastitis
AKT/NF-κB and MAPK signaling pathways are known
to play important role in the regulation of inflammatory
mediator production. To elucidate the anti-inflammatory
mechanism, the activation of AKT/NF-κB and MAPK
signaling pathways were detected by western blot. The
result found that the LPS injection significantly increased
the phosphorylation of ERK1/2 (Figures 4A,B), JNK1/2
(Figures 4A,C), P38 (Figures 4A,D), AKT (Figures 5A,B),
IκBα (Figures 5A,C), and P65(Figures 5A,D) compared
with control group. Moreover, licochalcone A treatment
significantly inhibited LPS-induced phosphorylation of
ERK1/2 (Figures 4A,B), JNK1/2 (Figures 4A,C), P38
(Figures 4A,D), AKT (Figures 5A,B), IκBα (Figures 5A,C), and
P65 (Figures 5A,D) in a dose-dependent manner.
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FIGURE 8 | Immunostaining images of claudin-3 (green), occludin (red) and nuclear staining with DAPI (blue) in mammary glands treated with LPS and licochalcone A.

Weak fluorescence intensity was observed for claudin-3 and occludin in the LPS group. With increasing doses, the fluorescence intensities of claudin-3 and occludin

were gradually increased.

Licochalcone A Repairs the Blood–Milk
Barrier Integrity in LPS-Induced Mice
Mastitis
Blood–milk barrier, a specific structure of mammary gland,
which could restrict the invasion of microbial. In order to
elucidate the effect of licochalcone A on blood-milk barrier, the
leakage of FITC-albumin from the interstitial side into alveolar
lumen was determined. The result found that FITC-albumin
was distributed in the interstitial side in the NT group, and
FITC-albumin permeated into alveolar lumen in the LPS group
(Figure 6). As expect, licochalcone A could inhibit LPS-induced
permeation of FITC-albumin (Figure 6).

Licochalcone A Enhances Protein Levels of
Tight Junction Proteins and Restores
Localization Changes of Claudin-3 and
Occludin in LPS-Induced Mice Mastitis
Tight junction, the basic structure of blood-milk barrier, which
could restrict the paracellular flow of aqueous molecules, ions,

water, and microbes. To clarify the mechanism of licochalcone
A on repairing the blood–milk barrier integrity, the protein
levels tight junction components (including ZO-1, Occludin, and
claudin3) and the localization changes of claudin-3 and occludin
were determined by western blot and immunofluorescence
assays. Protein levels of claudin-3, occludin and ZO-1 in the
LPS group were significantly lower than those in the LPS
+ licochalcone A group (Figures 7A–D). Immunofluorescence
staining revealed significantly lower fluorescence intensities in
the LPS group, compared to the LPS + licochalcone A groups
(Figure 7E), suggesting that licochalcone A repairs the tight
junction destroyed by LPS. Weaker fluorescence intensities
of claudin-3 and occludin were observed in the LPS group,
compared to the control and LPS + licochalcone A groups.
Claudin-3 localized with occludin at the apical-most regions
in mammary epithelial cells (MECs) before LPS injection with
no differences between localization patterns (Figure 8). At 24 h
after LPS injection, claudin-3 mainly localized with occludin at
the apical-most regions. Single localization of claudin-3 without
occludin was also observed around these areas. In the presence
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FIGURE 9 | Effects of Licochalcone A on LPS-induced inflammatory response in mouse mammary epithelial cells (mMECs). Cells were cultured with different

concentrations of licochalcone A (1.2, 1.8, 2.4, and 3µg/mL) for 4 h and viability determined with the CCK8 assay. (A) The effect of licochalcone A and licochalcone A

+ LPS were determined by CCK8 assay. mMECs were pretreated with Licochalcone A (1.2, 1.8, 2.4, and 3µg/mL) for 1 h and then stimulated with LPS for 4 h,

protein and mRNA levels were determined by qRT-PCR and western blot. The mRNA levels of IL-6 (B), IL-1β (C), and TNF-α (D), and the relative mRNA level was

normalized to β-actin mRNA. The protein levels of COX-2 (E,G) and iNOS (E,F), and the relative protein levels were quantified by scanning densitometry and

normalized to β-tubulin. Values are presented as means ± SD (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. LPS group).

of increasing doses of licochalcone A, claudin-3 re-localized with
occludin at the apical-most regions, suggesting that licochalcone
A increases the protein levels of tight junction and restores the
original localization patterns of claudin-3 and occludin.

Licochalcone A Inhibits LPS-Induced
Inflammatory Response in mMECs
In our in vivo experiments, we have proven that licochalcone
A have anti-inflammatory role in LPS-induced mice mastitis.
To further this function of licochalcone A, the effect of
licochalcone A on LPS-induced inflammatory response in
mMECs was examined. Firstly, the cytotoxicity of licochalcone
A, LPS and licochalcone A + LPS on mMECs was determined;
The result found that licochalcone A, LPS and licochalcone
A + LPS have no cytotoxicity on mMECs (Figure 9A).
Secondly, mMECs were pretreated with licochalcone A (1.2,
1.8, 2.4, and 3µg/mL) for 1 h and then stimulated with
LPS for 4 h, the mRNA levels of IL-6, IL-1β and TNF-
α were determined by qRT-PCR, and the protein levels of
COX2 and iNOS were determined by western blot. The
result of qRT-PCR shown that LPS significantly increased
the mRNA levels of IL-6, IL-1β, and TNF-α compared with
control and licochalcone A (3µg/mL) treatment groups, and
licochalcone A notably inhibited the increased mRNA levels
of IL-6, IL-1β, and TNF-α (Figures 9B–D). The western result
found that licochalcone A significantly inhibited LPS-induced
production of COX2 and iNOS in a dose-dependent manner

(Figures 9E–G). These results are consistent with those in
vivo, which further confirms the anti-inflammatory effect of
licochalcone A.

Licochalcone A Inhibits LPS-Induced
Activation of AKT/NF-κB and MAPK
Signaling Pathways in mMECs
To further elucidate the anti-inflammatory mechanism, we
also examined the effect of licochalcone A on LPS-induced
activation of AKT/NF-κB and MAPK signaling pathways in
mMECs. Firstly, mMECs were pretreated with licochalcone A
(1.2, 1.8, and 2.4µg/mL) for 1 h and then stimulated with
LPS for 4 h, the phosphorylations of AKT, ERK1/2, JNK1/2,
and P38 were determined by western blot. The result found
that licochalcone A inhibited LPS-induced phosphorylations
of AKT (Figures 10A,B), ERK1/2 (Figures 10A,E), JNK1/2
(Figures 10A,C), and P38 (Figures 10A,D) in a dose-dependent
manner. Secondly, mMECs were pretreated with licochalcone A
(2.4µg/mL) for 1 h and then stimulated with LPS for 15, 30, 45,
and 60min, the phosphorylation of IκBα andNF-κB examined by
western blot. With increasing time-periods, the NF-κB pathway
was more strongly activated in the LPS group. Conversely, in the
LPS + licochalcone A group, the NF-κB pathway was gradually
suppressed, implying that inhibition of inflammation in mMECs
by licochalcone A is time-dependent (Figures 10F–I).
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FIGURE 10 | Effects of licochalcone A on LPS-induced activation of AKT/NF-κB and MAPK signaling pathways in mMECs. (A–E) Total protein in mMECs was

collected after 4 h of LPS stimulation. Licochalcone A was added 1 h before LPS stimulation. Protein levels of p-AKT, p-JNK1/2, p-ERK1/2, and p-P38 were detected

via western blot and quantitatively assessed via densitometry using β-tubulin as an internal control. Protein levels were measured using ImageJ software (http://imagej.

nih.gov/ij/) and normalized to that of β-tubulin. (F–I) MMECs were divided into LPS (1µg/mL) or LPS + licochalcone A (2.4µg/mL) groups. After adding LPS to

serum-free medium for 1 h, licochalcone A was added. Protein was collected after 0, 15, 30, 45, and 60min. (F) Western blot analysis of p-IκBα, IκBα, p-P65, and

P65 in mMECs were treated with LPS + licochalcone A. (G) Western blot analysis of p-IκBα, IκBα, p-P65, and P65 in mMECs were treated with LPS only. (H–I) The

phosphorylation of P65 and IκBα at different time-points under LPS and LPS + licochalcone A treatment were detected via western blot. Values are presented as

means ± SD (n = 3) (**p < 0.01 vs. LPS, ****p < 0.0001 vs. LPS).

Licochalcone A Enhances the Protein
Levels of ZO-1, Occludin, and Claudin3 in
mMECs
In our in vivo experiments, we have found that licochalcone A
repaired blood-milk barrier integrity by increasing the protein
levels of tight junction components (including ZO-1, Occludin,
and claudin3). To further clarify whether licochalcone A increase
the protein levels of tight junction components, mMECs were
treated with 2.4µg/mL for 24 h, and the protein levels of
including ZO-1, Occludin, and claudin3 were detected by
western blot. As shown in Figure 11, licochalcone A remarkably
increased the protein levels of ZO-1 (Figures 11A–D), Occludin

(Figures 11A–D), and claudin3 (Figures 11A–D) in dose-
dependent manner.

DISCUSSION

Mastitis is a common clinical disease in humans and animals by
microbial invasion. Antibiotic therapy is the current mainstream
treatment but prone to drug resistance with significant side-
effects (30). Our findings demonstrated that licochalcone A
could significantly alleviate mastitis via reducing inflammatory
response and protecting the blood-milk barrier in LPS-induced
mice mastitis. The further mechanistic study found that
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FIGURE 11 | Effects of licochalcone A on the protein levels of ZO-1, Occludin, and claudin3 in mMECs. mMECs were serum-starved for 3 h before treatment with

Licochalcone A (1.8, 2.4µg/mL) for 24 h (A). The protein levels of ZO-1 (B), claudin3 (C), and Occludin (D) were determined by western blot, and the relative protein

levels were quantified by scanning densitometry and normalized to β-tubulin. Values are presented as means ± SD (n = 3) (**p < 0.01, ***p < 0.001 and

****p < 0.0001 vs. Control group).

FIGURE 12 | Schematic diagram of the pathways by which licochalcone A inhibits LPS-induced mastitis.
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licochalcone A significantly suppressed the MAPK and AKT/NF-
κB signaling pathways in vivo and in vitro. These data suggested
that licochalcone A might be a strong candidate for treatment
of mastitis.

Previous reports have shown that monomer composition
could relieve mastitis, such as magnolol. Magnolol played an
anti-inflammatory effect by inhibiting TLR4 (31). The traditional
Chinese medicine monomer, licochalcone A, is reported to
exert anti-inflammatory effects (32). Our team has found
that licochalcone A could protect dopaminergic neurons via
inhibiting neuro- inflammation in LPS-induced PD rat model
(11). There is no report about the effect of licochalcone A on
development of mastitis. Therefore, we examined the effect and
the mechanism of licochalcone A on mastitis in vivo and in vitro.
In vivo, we set up three concentration gradients, and found that
the mastitis gradually relieved with the increase of licochalcone A
concentration. It was also obvious fromH&E staining that a large
number of neutrophils were gathered in the mammary acini,
and the thickening of the acinus was enhanced. As expected,
licochalcone A could improve these micropathological changes.
In addition, we found that licochalcone A also significantly
inhibited the protein or gene levels of iNOS, COX-2, IL-6,
IL-1β, and TNF-α in vivo and in vitro. At the same time,
licochalcone A can also alleviate the inflammatory response of
macrophages (Supplementary Figure 2). These results indicate
that licochalcone A can significantly alleviate mouse mastitis.

Previous results have confirmed the anti-inflammatory
effect of licochalcone A, but its anti-inflammatory mechanism
has not been studied, so we studied the anti-inflammatory
mechanism of licochalcone A in subsequent experiments.
Interestingly, we found that licochalcone A can inhibit
the phosphorylation of MAPK and AKT/NF-κB signaling
pathways. Previous studies indicate that LPS triggers TLR4
downstream inflammatory pathways to stimulate the release
of inflammatory cytokines (33). Two of the most important
signaling pathways in inflammation are TLR4/MYD88/MAPK
(Supplementary Figure 1) and AKT/NF-κB (34). The MAPK
signaling pathway plays a key role in regulation of gene
expression and cytoplasmic function (35). ERK1/2, JNK1/2, and
P38 proteins in the MAPK signaling pathway are involved
in the inflammation and stress response of the body and
present crucial anti-inflammatory drug targets (36, 37). The
AKT/NF-κB signaling pathway mainly activates NF-κB by
phosphorylating AKT to degrade IκBα (38). However, in the
MAPK signaling pathway, p-ERK1/2 and p-P38 directly activate
the NF-κB signaling pathway to promote inflammation (39).
In vivo, with a gradual increase in the licochalcone A dose,
protein levels of p-ERK1/2, p-JNK1/2, and p-P38 in MAPK
signaling pathway were decreased. Our in vitro data were
consistent with those obtained in vivo. However, the protein
level of ERK1/2 was additionally inhibited in vivo. Therefore,
licochalcone A reduced phosphorylation of ERK1/2 by inhibiting
ERK1/2 protein levels. The protein levels of ERK1/2 did not
change in vitro, which might be due to the short stimulation
time, but its phosphorylation level was also inhibited. In
subsequent experiments, we found that licochalcone A also
inhibited the activation of AKT/NF-κB signaling pathway. In
vivo and in vitro results showed that p-AKT, p-IκBα and

p-P65 levels in the LPS group were significantly increased.
However, licochalcone A concentration-dependently inhibited
the protein levels of p-AKT, p-IκBα, and p-P65 in vivo and
in vitro. Our experiments collectively indicate that licochalcone
A inhibited the expression of inflammatory cytokines via
inhibiting MAPK and AKT/NF-κB signaling pathways, thereby
alleviating mastitis.

Previous studies have shown that blood–milk barrier is an
important barrier for mammary gland resistance to invasion
by external bacteria (40). Mastitis increases blood–milk barrier
permeability and disruption of the tight junction, which can
further aggravate the condition (41). Claudin-3, occluding, and
ZO-1 are important tight junction proteins in MECs and their
destruction directly affects the tight junction between cells (42).
LPS is reported to damage the tight junctions between MECs
(23). In our experiment, we have studied the anti-mastitis
mechanism of licochalcone A. But how did licochalcone A
affect the blood-milk barrier? Interestingly, we found that FITC-
albumin in LPS group could enter in mammary gland acinus,
and FITC-albumin in mammary gland acinus was decreased
gradually with the increase of licochalcone A dosage in vivo. We
also found that licochalcone A could increase the protein levels
of claudin-3, occludin, and ZO-1 in vivo and in vitro. These data
suggested that licochalcone A improved the integrity of blood-
milk barrier via increasing the protein levels of tight junction
proteins. These data suggested that licochalcone A alleviated
mastitis at least partially by improving the integrity of blood-milk
barrier. This suggests that licochalcone A may play an important
role in protecting the blood-milk barrier.

All our experiments indicate that licochalcone A reduces the
expression of inflammatory factors by inhibiting the MAPK and
AKT/NF-κB signaling pathway, and repairs blood–milk barrier
damage caused by inflammation, supporting a novel clinical
application of this compound in the treatment of mastitis.
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Supplementary Figure 1 | Effects of licochalcone A on LPS-induced activation of

TLR4/MYD88 signaling pathways in mMECs. (A–C) Total protein in mMECs was

collected after 4 h of LPS stimulation. Licochalcone A was added 1 h before LPS

stimulation. Protein levels of TLR4 and MYD88 were detected via western blot and

quantitatively assessed via densitometry using β-tubulin as an internal control.

Protein levels were measured using ImageJ software (http://imagej.nih.gov/ij/) and

normalized to that of β-tubulin. Values are presented as means ± SD (n = 3) (∗p <

0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001 vs. LPS group).

Supplementary Figure 2 | Effects of Licochalcone A on LPS-induced

inflammatory response in mouse macrophage (mMECs). The mRNA levels of IL-6

(A), IL-1β (B), and TNF-α (C), and the relative mRNA level was normalized to

β-actin mRNA. Values are presented as means ± SD (n = 3) (∗p < 0.05, ∗∗p <

0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001 vs. LPS group).

Supplementary Figure 3 | Effects of licochalcone A on mammary gland in

LPS-induced mice mastitis. Mammary gland tissues from each experimental

group (n = 10) were obtained at 24 h after LPS administration. Mammary gland

tissues of (A) control group, (B) LPS group, (C) LPS + licochalcone A (5mg/kg)

group, (D) LPS + licochalcone A (10mg/kg) group, and (E) LPS + licochalcone A

(15mg/kg) group.

REFERENCES

1. Angelopoulou A, Field D, Ryan CA, Stanton C, Hill C, Ross RP. The

microbiology and treatment of human mastitis. Med Microbiol Immunol.

(2018) 207:83–94. doi: 10.1007/s00430-017-0532-z

2. Wall SK, Wellnitz O, Bruckmaier RM, Schwarz D. Differential somatic cell

count in milk before, during, and after lipopolysaccharide- and lipoteichoic-

acid-induced mastitis in dairy cows. J Dairy Sci. (2018) 101:5362–73.

doi: 10.3168/jds.2017-14152

3. Jiménez E, De AJ, Manrique M, Parejatobes P, Tobes R, Martínezblanch JF,

et al. Metagenomic analysis of milk of healthy and mastitis-suffering women.

J Hum Lact. (2015) 31:406–15. doi: 10.1177/0890334415585078

4. Meretoja T, Ihalainen H, Leidenius M. Inflammations of the mammary gland.

Duodecim (2017) 133:855–61.

5. Berens PD. Breast pain: engorgement, nipple pain, and mastitis. Clin Obstetr

Gynecol. (2015) 58:902–14. doi: 10.1097/GRF.0000000000000153

6. Fernández L, Cárdenas N, Arroyo R, Manzano S, Jiménez E, Martín V,

et al. Prevention of infectious mastitis by oral administration of Lactobacillus

salivarius PS2 during late pregnancy. Clin Infect Dis. (2016) 62:568–73.

doi: 10.1093/cid/civ974

7. Marín M, Arroyo R, Espinosamartos I, Fernández L, Rodríguez JM.

Identification of emerging human mastitis pathogens by MALDI-TOF and

assessment of their antibiotic resistance patterns. Front Microbiol. (2017)

8:1258. doi: 10.3389/fmicb.2017.01258

8. Song X, Wang T, Zhang Z, Jiang H, Wang W, Cao Y, et al. Leonurine exerts

anti-inflammatory effect by regulating inflammatory signaling pathways and

cytokines in LPS-induced mouse mastitis. Inflammation (2015) 38:79–88.

doi: 10.1007/s10753-014-0009-9

9. Shin EM, Zhou HY, Guo LY, Kim JA, Lee SH, Merfort I, et al. Anti-

inflammatory effects of glycyrol isolated from Glycyrrhiza uralensis in LPS-

stimulated RAW264.7 macrophages. Int Immunopharmacol. (2008) 8:1524–

32. doi: 10.1016/j.intimp.2008.06.008

10. Furusawa J. Licochalcone A significantly suppresses LPS signaling

pathway through the inhibition of NF-kappaB p65 phosphorylation at

serine 276. Cell Signall. (2009) 21:778–85. doi: 10.1016/j.cellsig.2009.

01.021

11. Huang B, Liu J, Ju C, Yang D, Chen G, Xu S, et al. Licochalcone A prevents

the loss of dopaminergic neurons by inhibiting microglial activation in

lipopolysaccharide (LPS)-induced Parkinson’s disease models. Int J Mol Sci.

(2017) 18:E2043. doi: 10.3390/ijms18102043

12. Chen X, Liu Z,Meng R, Shi C, GuoN. Antioxidative and anticancer properties

of Licochalcone A from licorice. J Ethnopharmacol. (2017) 198:331–7.

doi: 10.1016/j.jep.2017.01.028

13. KwonHS, Park JH, KimDH, KimYH, Park JH, Shin HK, et al. Licochalcone A

isolated from licorice suppresses lipopolysaccharide-stimulated inflammatory

reactions in RAW264.7 cells and endotoxin shock in mice. J Mol Med. (2008)

86:1287–95. doi: 10.1007/s00109-008-0395-2

14. Wu J, Zhang X, Wang Y, Sun Q, Chen M, Liu S, et al. Licochalcone A

suppresses hexokinase 2-mediated tumor glycolysis in gastric cancer via

downregulation of the Akt signaling pathway. Oncol Rep. (2018) 39:1181–90.

doi: 10.3892/or.2017.6155

15. Kang TH, Seo JH, Oh H, Yoon G, Chae JI, Shim JH. Licochalcone

A suppresses specificity protein 1 as a novel target in human breast

cancer cells. J Cell Biochem. (2017) 118:4652–63. doi: 10.1002/jcb.

26131

16. Tao J, Qiao J, Guan D, Chen T. Anti-inflammatory effects of licochalcone A

on IL-1β-stimulated human osteoarthritis chondrocytes. Inflammation (2017)

40:1894–902. doi: 10.1007/s10753-017-0630-5

17. Kouidhi B, Al Qurashi YM, Chaieb K. Drug resistance of bacterial dental

biofilm and the potential use of natural compounds as alternative

for prevention and treatment. Microb Pathog. (2015) 80:39–49.

doi: 10.1016/j.micpath.2015.02.007

18. Kobayashi K, Kumura H. Distinct behavior of claudin-3 and−4 around

lactation period in mammary alveolus in mice. Histochem Cell Biol. (2011)

136:587–94. doi: 10.1007/s00418-011-0863-6

19. Bruckmaier RM,Wellnitz O. Triennial lactation Symposium/Bolfa: pathogen-

specific immune response and changes in the blood-milk barrier of the bovine

mammary gland. J Anim Sci. (2017) 95:5720–8. doi: 10.2527/jas2017.1845

20. Mediano P, Fernández L, Jiménez E, Arroyo R, Espinosamartos I,

Rodríguez JM, et al. Microbial diversity in milk of women with

mastitis: potential role of coagulase-negative staphylococci, viridans

group streptococci, and corynebacteria. J Hum Lactat. (2017) 33:309–18.

doi: 10.1177/0890334417692968

21. Lippolis JD, Holman DB, Brunelle BW, Thacker TC, Bearson BL, Reinhardt

TA, et al. Genomic and transcriptomic analysis of escherichia coli strains

associated with persistent and transient bovine mastitis and the role of colanic

acid. Infect Immun. (2018) 86:IAI.00566-17. doi: 10.1128/IAI.00566-17

22. Zhang X, Wang Y, Xiao C, Wei Z, Wang J, Yang Z, et al. Resveratrol

inhibits LPS-induced mice mastitis through attenuating the MAPK

and NF-kappaB signaling pathway. Microb Pathog. (2017) 107:462–7.

doi: 10.1016/j.micpath.2017.04.002

23. Kobayashi K, Oyama S, Numata A, Rahman MM, Kumura H.

Lipopolysaccharide disrupts the milk-blood barrier by modulating

claudins in mammary alveolar tight junctions. PLoS ONE (2013) 8:e62187.

doi: 10.1371/journal.pone.0062187

24. Ershun Z, Yunhe F, Zhengkai W, Yongguo C, Naisheng Z, Zhengtao

Y. Cepharanthine attenuates lipopolysaccharide-induced mice mastitis by

suppressing the NF-kappaB signaling pathway. Inflammation (2014) 37:331–

7. doi: 10.1007/s10753-013-9744-6

25. Wang J, Wei Z, Zhang X, Wang Y, Yang Z, Fu Y. Propionate protects against

lipopolysaccharide-induced mastitis in mice by restoring blood-milk barrier

disruption and suppressing inflammatory response. Front Immunol. (2017)

8:1108. doi: 10.3389/fimmu.2017.01108

26. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving

bioscience research reporting: the ARRIVE guidelines for reporting animal

research. PLoS Biol. (2010) 8:e1000412. doi: 10.1371/journal.pbio.1000412

27. McGrath JC, Lilley E. Implementing guidelines on reporting research using

animals (ARRIVE etc.): new requirements for publication in BJP. Br J

Pharmacol. (2015) 172:3189–93. doi: 10.1111/bph.12955

28. Mabalirajan U, Ahmad T, Leishangthem GD, Joseph DA, Dinda AK,

Agrawal A, et al. Beneficial effects of high dose of L-arginine on airway

hyperresponsiveness and airway inflammation in a murine model of asthma.

J Allergy Clin Immunol. (2010) 125:626–35. doi: 10.1016/j.jaci.2009.10.065

29. Nguyen DA, Parlow AF, Neville MC. Hormonal regulation of tight

junction closure in the mouse mammary epithelium during the

transition from pregnancy to lactation. J Endocrinol. (2001) 170:347–56.

doi: 10.1677/joe.0.1700347

30. Cohen ML. Epidemiology of drug resistance: implications

for a post-antimicrobial era. Science (1992) 257:1050–5.

doi: 10.1126/science.257.5073.1050

Frontiers in Immunology | www.frontiersin.org 13 February 2019 | Volume 10 | Article 287

http://imagej.nih.gov/ij/
https://doi.org/10.1007/s00430-017-0532-z
https://doi.org/10.3168/jds.2017-14152
https://doi.org/10.1177/0890334415585078
https://doi.org/10.1097/GRF.0000000000000153
https://doi.org/10.1093/cid/civ974
https://doi.org/10.3389/fmicb.2017.01258
https://doi.org/10.1007/s10753-014-0009-9
https://doi.org/10.1016/j.intimp.2008.06.008
https://doi.org/10.1016/j.cellsig.2009.01.021
https://doi.org/10.3390/ijms18102043
https://doi.org/10.1016/j.jep.2017.01.028
https://doi.org/10.1007/s00109-008-0395-2
https://doi.org/10.3892/or.2017.6155
https://doi.org/10.1002/jcb.26131
https://doi.org/10.1007/s10753-017-0630-5
https://doi.org/10.1016/j.micpath.2015.02.007
https://doi.org/10.1007/s00418-011-0863-6
https://doi.org/10.2527/jas2017.1845
https://doi.org/10.1177/0890334417692968
https://doi.org/10.1128/IAI.00566-17
https://doi.org/10.1016/j.micpath.2017.04.002
https://doi.org/10.1371/journal.pone.0062187
https://doi.org/10.1007/s10753-013-9744-6
https://doi.org/10.3389/fimmu.2017.01108
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1111/bph.12955
https://doi.org/10.1016/j.jaci.2009.10.065
https://doi.org/10.1677/joe.0.1700347
https://doi.org/10.1126/science.257.5073.1050
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Guo et al. Licochalcone A Alleviates Mastitis

31. Wei W, Dejie L, Xiaojing S, Tiancheng W, Yongguo C, Zhengtao Y,

et al. Magnolol inhibits the inflammatory response in mouse mammary

epithelial cells and a mouse mastitis model. Inflammation (2015) 38:16–26.

doi: 10.1007/s10753-014-0003-2

32. Kolbe L, Immeyer J, Batzer J, Wensorra U, Tom DK, Mundt C, et al.

Anti-inflammatory efficacy of Licochalcone A: correlation of clinical

potency and in vitro effects. Arch Dermatol Res. (2006) 298:23–30.

doi: 10.1007/s00403-006-0654-4

33. Raetz RH, Whitfield C. Lipopolysaccharide endotoxins. Ann Rev Biochem.

(2002) 71:635–700. doi: 10.1146/annurev.biochem.71.110601.135414

34. Wang G, Hu Z, Fu Q, Song X, Cui Q, Jia R, et al. Resveratrol mitigates

lipopolysaccharide-mediated acute inflammation in rats by inhibiting the

TLR4/NF-kappaBp65/MAPKs signaling cascade. Sci Rep. (2017) 7:45006.

doi: 10.1038/srep45006

35. Lu YC, YehWC, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine

(2008) 42:145. doi: 10.1016/j.cyto.2008.01.006

36. Dumitru CD, Ceci JD, Tsatsanis C, Kontoyiannis D, Stamatakis K, Lin

JH, et al. TNF-alpha induction by LPS is regulated posttranscriptionally

via a Tpl2/ERK-dependent pathway. Cell (2000) 103:1071–83.

doi: 10.1016/S0092-8674(00)00210-5

37. Xing J, Li R, Li N, Zhang J, Li Y, Gong P, et al. Anti-inflammatory effect of

procyanidin B1 on LPS-treated THP1 cells via interaction with the TLR4-MD-

2 heterodimer and p38 MAPK and NF-kappaB signaling. Mol Cell Biochem.

(2015) 407:89–95. doi: 10.1007/s11010-015-2457-4

38. Han J, ChenD, Liu D, Zhu Y.Modafinil attenuates inflammation via inhibiting

Akt/NF-kappaB pathway in apoE-deficient mouse model of atherosclerosis.

Inflammopharmacology (2018) 26:385–93. doi: 10.1007/s10787-017-

0387-3

39. Harikrishnan H, Jantan I, Haque MA, Kumolosasi E. Anti-inflammatory

effects of hypophyllanthin and niranthin through downregulation of

NF-kappaB/MAPKs/PI3K-Akt signaling pathways. Inflammation (2018)

41:984–95. doi: 10.1007/s10753-018-0752-4

40. Tsugami Y, Matsunaga K, Suzuki T, Nishimura T, Kobayashi K.

Phytoestrogens weaken the blood-milk barrier in lactating mammary

epithelial cells by affecting tight junctions and cell viability. J Agr Food Chem.

(2017) 65:11118–11124. doi: 10.1021/acs.jafc.7b04786

41. Wall SK, Hernandez-Castellano LE, Ahmadpour A, Bruckmaier RM,Wellnitz

O. Differential glucocorticoid-induced closure of the blood-milk barrier

during lipopolysaccharide- and lipoteichoic acid-induced mastitis in dairy

cows. J Dairy Sci. (2016) 99:7544–53. doi: 10.3168/jds.2016-11093

42. Wellnitz O, Wall SK, Saudenova M, Bruckmaier RM. Effect of intramammary

administration of prednisolone on the blood-milk barrier during the immune

response of the mammary gland to lipopolysaccharide. Am J Vet Res. (2014)

75:595. doi: 10.2460/ajvr.75.6.595

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Guo, Liu, Yin, Kan, Gong, Li, Cao, Wang, Xu, Ma, Fu and Liu.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Immunology | www.frontiersin.org 14 February 2019 | Volume 10 | Article 287

https://doi.org/10.1007/s10753-014-0003-2
https://doi.org/10.1007/s00403-006-0654-4
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1038/srep45006
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1016/S0092-8674(00)00210-5
https://doi.org/10.1007/s11010-015-2457-4
https://doi.org/10.1007/s10787-017-0387-3
https://doi.org/10.1007/s10753-018-0752-4
https://doi.org/10.1021/acs.jafc.7b04786
https://doi.org/10.3168/jds.2016-11093
https://doi.org/10.2460/ajvr.75.6.595
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Licochalcone A Protects the Blood–Milk Barrier Integrity and Relieves the Inflammatory Response in LPS-Induced Mastitis
	Introduction
	Materials and Methods
	Drugs and Reagents
	Cell Culture
	Cell Viability
	Animal Experiments
	Animal Experimental Design
	Evaluation of Histological Changes
	ELISA for TNF-α, IL-6, and IL-1β
	Myeloperoxidase (MPO) Activity Assay
	FITC-Albumin Treatment to Evaluate Alveolar Tight Junction Permeability
	Immunofluorescence Assays
	qRT-PCR Analysis
	Western Blot
	Statistical Analysis

	Results
	Licochalcone A Administration Alleviates Pathological Injury of Mammary Gland in LPS-Induced Mice Mastitis
	Licochalcone A Inhibits MPO Activity in LPS-Induced Mice Mastitis
	Licochalcone A Reduces Pro-Inflammatory Mediators Production in LPS-Induced Mice Mastitis
	Licochalcone A Inhibits the AKT/NF-κB and Mitogen-Activated Protein Kinase (MAPK) Signaling Pathways in LPS-Induced Mice Mastitis
	Licochalcone A Repairs the Blood–Milk Barrier Integrity in LPS-Induced Mice Mastitis
	Licochalcone A Enhances Protein Levels of Tight Junction Proteins and Restores Localization Changes of Claudin-3 and Occludin in LPS-Induced Mice Mastitis
	Licochalcone A Inhibits LPS-Induced Inflammatory Response in mMECs
	Licochalcone A Inhibits LPS-Induced Activation of AKT/NF-κB and MAPK Signaling Pathways in mMECs
	Licochalcone A Enhances the Protein Levels of ZO-1, Occludin, and Claudin3 in mMECs

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


