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Background/Aims: Mastitis is an acute clinical in ammatory response. The ocarrence
and development of mastitis seriously disturb women's phyigal and mental health.
Licochalcone A, a phenolic compound inGlycyrrhiza uralensishas anti-in ammatory
properties. Here, we examined the effect of licochalcone A m blood-milk barrier and
in ammatory response in LPS-induced mice mastitis.

Methods: In vivg we rstly established mice models of mastitis by canal injetion of
LPS to mammary gland, and then detected the effect of licochizone A on pathological
indexes, in ammatory responses and blood-milk barrier intis model. In vivg Mouse
mammary epithelial cells (NMECs) were treated with licock@ne A prior to the
incubation of LPS, and then the in ammatory responses, tighjunction which is the basic
structure of blood-milk barrier were analyzed. Last, we ekidated the anti-in ammatory
mechanism by examining the activation of mitogen-activatéprotein kinase(MAPK) and
AKT/NFKB signaling pathwaysin vivoand in vitro.

Result: The in vivo results showed that licochalcone A signi cantly decreasedthe

histopathological impairment and the in ammatory responss, and improved integrity
of blood-milk barrier. Thein vitro results demonstrated that licochalcone A inhibited
LPS-induced in ammatory responses and increase the protei levels of ZO-1, occludin,
and claudin3 in mMMECs. Thein vivo and in vitro mechanistic study found that the
anti-in ammatory effect of licochalcone A in LPS-induced nite mastitis was mediated
by MAPK and AKT/NFKB signaling pathways.

Conclusions and Implications: ~ Our experiments collectively indicate that licochalcone
A protected against LPS-induced mice mastitis via improvip the blood—milk
barrier integrity and inhibits the in ammatory response byMAPK and AKT/NFkB
signaling pathways.
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INTRODUCTION epithelial cells (MMECs) to release a large number of pro-
in ammatory factors, destroy the epithelial barrier and atsrate
Mastitis, a common clinical disease in both animals andhe development of mastiti2{, 25). Therefore, inhibiting the
humans (, 2), is an acute condition with obvious symptoms of release of pro-in ammatory factors in mMMECs and protecting
in ammation. Uncontrolled mastitis can be extremely harmhfu the tight junction of mMMECs may play an important role in
to lactating women & 4). Moreover, mastitis has a potential gjleviating mastitis. So the purpose of our study was to explee t
negative eect on breastfeeding and is a main cause & ect of licochalcone A on in ammatory responses and blood-

considerable physical and psychological pain during laatatiomilk barrier in LPS-inducedn vivoandin vitro mastitis models.
(5,6). Ingeneral, antibiotic treatment is the most commonly dse
strategy for treating acute mastitis. However, while aotibs

generally have a positive e ect on bacteriostasi¥, they MATERIALS AND METHODS

are not useful for controlling the development of subsequenDrugs and Reagents

in ammation (8). Licochalcone A (purity>98%) was obtained from Chengdu

Licochalcone A is a phenolic chalcone compound initiallypyfej De Biotech Co., Ltd, dimethylsulfoxide (DMSO) from
isolated fromGlycyrrhiza uralensi;1 1975 by Saitoh). The  sjgma Chemical Co. (St. Louis, MO, USA), and fetal bovine
structure of licochalcone A and various biological actesti serum (FBS) from Clark Bioscience Co. (Richmond, va, USA).
have been established to daféigure 1) (10), including anti-  pylbecco’s modi ed Eagle's medium (DMEM) for cell culture
inammatory (11), anti-oxidation (12), antiseptic, and anti- \as obtained from Invitrogen-Gibco (Grand Island, NY, USA).
tumor properties (3, 14). As a traditional Chinese medicine Cell Counting Kit-8 (CCK8) was acquired from Saint-Bio Co.
monomer with anti-in ammatory and anti-bacterial propere (Shanghai, China). 3°%,%-Tetramethylbenzidine, Resorcinol,
(15, 16), it has several advantages over traditional antibiotics4,0, and Hepes were purchased from Sigma Chemical Co. (St.
Drug resistance to this compound is relatively uncommon| oujs, MO, USA). Enzyme-linked immunosorbent assay (ELISA)
(17), along with a signi cant inhibitory e ect on in ammation.  its for TNF-a, IL-6 and IL-1b were obtained from Biolegend
Therefore, we speculate that licochalcone A may also have®. (San Diego, CA, USA). The primary antibodies AKT, p-
protective e ect on mastitis. AKT, ERK1/2, p-ERK1/2, INK1/2, p-INK1/2, P38, p-P&8al

The blood-milk barrier is important for mammary gland p-|kBa, NFkB-p65, and p-NFkB-p-p65 were purchased from
resistance to the external environmerid[. Destruction of the  cell Signaling Technology (CST) (Danvers, MA, USA). ZO-1
blood—-milk barrier aggravates bacterial infection and pm% was acquired from Proteintech (Chicagoy IL, USA) Claudin-
the development of in ammation19). Acute mastitis is usually 3 CcOX-2 and iINOS were purchased from Abcam (Cambrige,
caused by infection of gram-negative bacteria and explosivgk), occludin from Thermo Fisher (Waltham, MA, USA) and
proliferation (20). Escherichia colia common gram-negative p-tubulin from Bosterbio (CA, USA). The secondary antibodies
bacterium, is widely present in the external environment and ysed in this study, including Alexa Fluor 594 or Alexa Fluor
important cause of acute mastitis1). Lipopolysaccharide (LPS) 488 conjugate donkey anti-rabbit or anti-mouse 1gGGH)
in E. colican cause severe immune response to mammary glargighly cross-adsorbed secondary antibody were purchasea fr
(22). However, LPS also destroys the blood-milk barrier and ife Technologies (Carlsbad, CA, USA) and HRP-conjugated

promotes the occurrence and development of in ammati@s)(  goat anti-mouse and goat anti-rabbit secondary antibodiese
So in our experiments, mouse mastitis model was constructgglrchased from Bosterbio.

using LPS extracted fror&. coli LPS can activate MAPK and
AKT/NF- B signaling pathways, which causes mouse mammar@gel|| Culture

MMECs purchased from American Type Culture Collection
(ATCCR CRL-3063") were cultured in DMEM containing 10%

CH, FBS at 37C in a humidi ed incubator under 5% C@
=
Cell Viability
HsC CHg The e ect of licochalcone A on cell viability was determinedhgsi
the CCK8 assay. mMMECs were treated with licochalcone A (1.2,
HO OH 1.8, 2.4, and Bg/mL), LPS (Ing/mL) or LP< licochalcone A

(1.2, 1.8, 2.4, andrBg/mL) for 4 h. Subsequently, Il CCK8
was added to each well. After 1 h, absorbance (OD) was mehsure
at 450 nm on a microplate reader (Bio-Rad, CA, USA).

Animal Experiments

& 8 BALB/c mice (8 10 weeks old, 2530 g weight) were purchased
- from the Center of Experimental Animals of Baigiuen Medical
College of Jilin University (Jilin, China). Animals were housed
in certi ed, standard laboratory cages and administereddo
and waterad libitum before experimental use. All animals care

H3C

FIGURE 1 | Structure of licochalcone A.
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and experimental procedures were conducted in accordante wiFI TC-Albumin Treatment to Evaluate

the guidelines established by the Jilin University Instdntl  Alveolar Tight Junction Permeability

Animal Care and Use Committee (approved on 27 Februarnyto visualize alveolar tight junction permeability, untredt
2015, Protocol No. 2015047), designated “Guide for the @ate  mammary glands, or those injected with BA (0.2 mg/mL)
Use of Laboratory Animals” and approved by the Institutional| ps and 5, 10, or 15 mg/kg licochalcone @ LPS, were
Animal Care and use Committee of the University of Arizona.yreated with FITC-conjugated albumin according to a preityu
Animal studies were performed in compliance with arrivedescribed protocol9). In brief, mice were deeply anesthetized

guidelines £6, 27). with pentobarbital and the fourth mammary gland surgically
. . . exposed. The mammary gland was immersed in 2mL PBS
Animal EXpe”mental Design containing 3 mg/mL FITC-albumin to expose the interstitiadsi

Lactating mice (5 7 days after birth of o spring) were randomly of alveolar epithelial cells for 10 min. After treatment wihr C-
divided into ve groups: control § D 10), LPS (0.2 mg/mL, albumin, the mammary gland was washed in PBS three times and
50 L) treatment 0 D 10), LPSC licochalcone A (5 mg/kg) jmmersed in PBS containing 4% paraformaldehyde for 15 min.
(n D 10), LPSC licochalcone A (10 mg/kg)n(D 10), and  The pre- xed mammary gland was embedded in optimal cutting
LPSC licochalcone A (15 mg/kg)n(D 10). On day seven of temperature (OCT) compound and frozen in liquid nitrogen
lactation, the control group was injected with normal saliand  after which 5mm cryosections were obtained. Cryosections were
the three treatment groups were injected di erent concentmas  stained with 4'6-diamidino-2-phenylindole (DAPI) and imes

of licochalcone A (5, 10, and 15 mg/kg). After 1h, LPS wagpserved under a uorescence microscope (TCS SP5; Leica,
injected into the fourth inguinal mammary gland of mice. &ft  \annheim, Germany).

12 h, the licochalcone A treatment group was injected wité th
same dose of di erent concentrations of licochalcone A. Ah24 | A
after LPS injection, mice were anesthetized with pentolalrbi MmMmuno uorescence Assays

sodium (45 mg/kg) and the mammary glands were collected. AS above, the mammary gland was embedded in OCT
compound and frozen in liquid nitrogen to acquire n¥n

Evaluation of Histological Changes cryosections. Cryosections of mammary glands were xed with

For histological analysis of the mammary gland, mice werd% Paraformaldehyde in PBS (pH 7.4) for 40min at room
euthanized and the four pairs of mammary glands xed intemperature, and then incubated with PBS containing 5% dgnke
4% paraformaldehyde, followed by dehydration with ethanolS€rum albuminto block non-speci c interactions. After blook,
After paran embedding, 5mm sections were cut and stained the sections were treated with primary antibodies diluted in
with hematoxylin and eosin (H&E) according to a previously5% donkey serum albumlln solution o.vern|ght atG} and then .
described protocol 8. H&E-stained sections were examinedWashed with PBS three times for 5 min each. After washed with
under a light microscope to evaluate pathological change5BS: the sections were exposed to secondary antibodiesdiifut
Simultaneously, a standard assessment method was codducg?® donkey serum albumin solution for 1 h at room temperature.
to determine mammary gland injury. Overall mammary g|andControIs were treated in a similar manner, except that primary

injury was scored based on edema, neutrophil in ltration anda}nnbodles were excluded. Finally, all sections were veaistiee

hemorrhage, and three visual elds observed for each slicdMes with PBS and stained with DAPI for Smin. Images of

Studies were performed in a blinded manner. Injury scoreswerStainéd sections were obtained under a uorescence mioEsc
representative of severity (0, no damage; 1, mild damage; 2,
moderate damage; 3, severe damage; 4, very severe damage).q RT-PCR Analysis

Total RNA was isolated from cultured mMECs with TRIzol
ELISA for TNF- a, IL-6, and IL-1 b reagent (Invitrogen, Carlsbad, CA, USA) and ampli cation
The protein levels of TNR, IL-6, and IL-b in mammary reactions conducted to detect gene levelSThF- , IL-6, and
glands were determined by ELISA kits according to thalL-1 .The primer sequences are shownTable 1
manufacturer's instructions.

MyelopGFOXidase (MPO) ACtIVIty Assay TABLE 1 | The primer sequences ofTNF- , IL-1 , IL-6 and -actin.
Mammary glands were collected and weighed, followed by
grinding in 4,000mL 0.5% hexadecyl trimethyl ammonium !tem Primer Length (bp)

chloride di erent weights of mammary gland for 7 min (50

times per min) in a lapping instrument. After grinding, samples
were centrifuged for 20 min at 12,000 g/min. The supernatan
is the sample of MPO activity assay. Each samplenfZband .
substrate (75mL) (3,%5,%-tetramethylbenzidine, 3mM, 8,798 -1 (@nt-sense) $AGCTTCTCCACAGCCACAATS

TNF- (sense) D ACGGCATGGATCTCAAAGACS 116
NF- (anti-sense) S GTGGGTGAGGAGCACGTAGT3
IL-1 (sense) HGCTGCTTCCAAACCTTTGACS 121

mL; Resorcinol, 6 mM, 1801, and HO», 3% 2.5mL) was added '8 (sense) $.CCGGAGAGGAGACTTCACAGS 134
to individual wells for 3 5min, followed by the addition of '-©(@nt-sense) § CAGAATTGCCATTGCACAACS

100mL H,2SQ, (2 M) to terminate the reaction. Samples were -actin (sense) . GTCAGGTCATCACTATCGGCAATS 147
measured for MPO activity with a microplate reader at £3p -actin (anti-sense)  $AGAGGTCTTTACGGATGTCAACGT®
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FIGURE 2 | Effects of licochalcone A on pathological injury of mammargland in LPS-induced mice mastitis. Mammary gland tissuesém each experimental group
(n D 10) were obtained at 24 h after LPS administration, sectiorgéand stained with H&E (original magni cation 100 ). Mammary gland tissues of A) control group,
(B) LPS group, (C) LPS C licochalcone A (5 mg/kg) group,(D) LPS C licochalcone A (10 mg/kg) group, and(E) LPS C licochalcone A (15 mg/kg) group.(F) Mean
injury scores of mammary glands were determined accordingota previously described three-point scale. Values are presited as means SD (*p < 0.01 and ****
p < 0.0001 vs. LPS group).
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FIGURE 3 | Effects of Licochalcone A on in ammatory response in LPS-indced mice mastitis. Mammary gland tissues from each experiemtal group ¢ D 10) were
obtained at 24 h after LPS administration(A) Myeloperoxidase (MPO) activity assay. The protein level$ kh.-1b (B), TNF-a (C), and IL-6 (D) were detected using
ELISA. Western blot assay of inducible nitric oxide synthasgNOS)(E,F) and cyclooxygenase-2 (COX-2)E,G), and the relative protein levels were quanti ed by
scanning densitometry and normalized td-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 In cases where overdftests were signi cantf < 0.05),post
Total proteins were isolated from mMECs and mouse mammarjoc comparisons using Tukey's method of adjustment were
glands with RIPA lysis buer (Beyotime, Shanghai, China)conducted to determine the location of signicant pairwise
(50mM Tris, pH 7.4; 150mM NaCl; 1% Triton X-100; 1%di erences. Analyses were performed using GraphPad prism
sodium deoxycholate; 0.1% SDS; sodium orthovanadaté;00 software.

sodium uoride; EDTA, leupeptin; 1 mM PMSF). Tissue lysates

were centrifuged at 12,000g for 5min atCl and protein RESULTS

concentrations determined with a Piefé® BCA Protein . ) _

Assay Kit (Thermo scienti ¢, China). Equal amounts of cellLicochalcone A Administration Alleviates

(25 mg)/mammary gland (60mg) extracts were subjected to Pathological Injury of Mammary Gland in
electrophoresis via 12% sodium dodecy! sulfate-polyacrdami | PS-Induced Mice Mastitis

(SDS-PAGE) and subsequently transferred to PVDF membrangg, study the protective e ect of licochalcone A on mastitisg th
(Millipore, Darmstadt, Germany) for antibody blotting. mammary glands were collected, sectioned and stained witE H
Membranes were incubated with primary antibodies (1:1,00Qrigyre 2. There were no pathological injuries of mammary
dilution) at 4 C overnight, followed by HRP-conjugated gjand from control group mice Rigure 24). Compared with
gogt anti-mouse (1:3,000) or goat anti-rabbit sgconda%omrm group, mammary gland from LPS group presented
antibody (1:3,000) at room temperature for 1h. Protein bandgeyere pathological injuries, such as thickening of theotdve
were visualized using a Beyo Enhanced Chemiluminescenggy|, in ammatory cell in Itration (Figure 2B). However, these
reagent kit (Beyotime, Shanghai, China) according to thgathological injuries were alleviated by Licochalcone Adiose-
manufacturers instructions. dependent mannerRigures 2C—F Supplementary Figure 3

Statistical Analysis Licochalcone A Inhibits MPO Activity in

Images were generated using GraphPad prism software (La Jol?S-Induced Mice Mastitis
CA, USA). Animals were randomly assigned to groups. In mousBleutrophils are the rst line of innate immune defense against
studies, histological analysis was conducted in a blindgdes infection. The accumulation of neutrophil in mammary gland
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FIGURE 4 | Effects of licochalcone A on mitogen-activated protein kiase (MAPK) signaling pathway in LPS-induced mice mastiti#ammary gland tissues from
different experimental groups were obtained 24 h after LPSdministration. The tissue lysates were prepared and subjeed to western blot by using p-ERK1/2(A,B),
p-IJNK1/2 (A,C), p-P38 (A,D) antibodies, respectively. Each immunoreactive band was ditized and expressed as a ratio of theb-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/NFB signaling pathway in LPS-induced mice mastitis. Mammarylgnd tissues from different experimental groups
were obtained 24 h after LPS administration and total protei The tissue lysates were prepared and subjected to westerblot by using p-AKT (A,B), p-lkBa (A,C),

and p-P65 (A,D) antibodies, respectively. Each immunoreactive band was ditized and expressed as a ratio of theb-tubulin level. Values are presented as means
SD (*p < 0.05, ***p < 0.001, and ***p < 0.0001 vs. LPS group).
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of FITC-albumin observed after cutting frozen sections. Gen and blue colors represent FITC-albumin and nuclei ?,46—diamidino—z—phenylindole, DAPI), respectively.
FITC-albumin was observed in the alveolar lumen of LPS-injed mammary glands.
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FIGURE 7 | Protein levels change in claudin-3, occluding, and ZO-1 adr LPS or LPSC licochalcone A injection. Protein levels was measured usinimageJ software
(http://imagej.nih.gov/ij/) and normalized to that ob-tubulin. (A—D) Results of western blot analysis of claudin-3, occludin, Z€l, and b-tubulin in mammary glands
after LPS and LPSC licochalcone A injection.(B—D) Protein levels of claudin-3, occludin and ZO-1 normalizedbtthat of b-tubulin. (E) Immunostaining images of ZO-1
(green) and nuclear staining with DAPI (blue) in mammary gtés treated with LPS and licochalcone A. Values are presenteas means SD (n D 10 in each group)
(*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 vs. LPS group).

re ected the level of inammation. In order to detect the western blot. The result found that LPS injection leading to
degree of inammation, the activity of MPO, which is a remarkably production of iINOS Kigures 3E,|f and COX-2
marker of neutrophil, was detected. The result found that LP$Figures 3E,G, and licochalcone A administration signi cantly
injection signi cantly increased MPO activity in mammary inhibits LPS-induced production of iNOS and COX-2 in
gland tissues compared with control groupgFigure 3A). mammary gland.

Compared with LPS group, licochalcone A treatment

remarkably reduced the MPO activity in a dose-dependenf_icochamone A Inhibits the AKT/NF- kB
manner figure 3A). . . . .
and Mitogen-Activated Protein Kinase
(MAPK) Signaling Pathways in

Licochalcone A Reduces Pro-In ammatory LPS-Induced Mice Mastitis
Medl_a_tors Production in LPS-Induced Mice AKT/NF-kB and MAPK signaling pathways are known
Mastitis to play important role in the regulation of in ammatory

Pro-in ammatory cytokines play important roles in the mediator production. To elucidate the anti-in ammatory
development of inammation. To elucidate the eect of mechanism, the activation of AKT/NkB and MAPK
licochalcone A on the level of in ammation in LPS-inducedaai  signaling pathways were detected by western blot. The
mastitis, the production of the three major pro-in ammatory result found that the LPS injection signicantly increased
cytokines (including IL-6, IL-b, and TNFa) inmammary gland the phosphorylation of ERK1/2 Fgures4A,B, JNK1/2
tissues were detected by ELISA. As shownFigure 3 LPS (Figures 4A,Q, P38 Figures4A,D, AKT (Figures5A,B,
signi cantly increased the protein levels of IL-&igure 3B), |kBa (Figures5A,Q, and P65Figures5A,D compared
IL-1b (Figure 30), and TNFa (Figure 3D), and licochalcone with control group. Moreover, licochalcone A treatment
A treatment suppressed this e ect in mammary gland. iINOSsigni cantly inhibited LPS-induced phosphorylation of
and COX-2 are two important pro-in ammatory proteins ERK1/2 Figures4A,B, JNK1/2 Figures4A,Q, P38
correlated with inammation. In our experiments, the (Figures4A,D), AKT (Figures 5A,B, IkBa (Figures 5A,Q, and
protein levels of INOS and COX-2 were also examined by65 figures 5A,D) in a dose-dependent manner.

Frontiers in Immunology | www.frontiersin.org 7 February 2019 | Volume 10 | Article 287


http://imagej.nih.gov/ij/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Guo et al. Licochalcone A Alleviates Mastitis

FIGURE 8 | Immunostaining images of claudin-3 (green), occludin (reénd nuclear staining with DAPI (blue) in mammary glands tread with LPS and licochalcone A.
Weak uorescence intensity was observed for claudin-3 and ocludin in the LPS group. With increasing doses, the uorescece intensities of claudin-3 and occludin
were gradually increased.

Licochalcone A Repairs the Blood—Milk water, and microbes. To clarify the mechanism of licochaéco
Barrier Integrity in LPS-Induced Mice A on repairing the blood-milk barrier integrity, the protein
Mastitis levels tight junction components (including ZO-1, Occludamd
Blood—milk barrier, a specic structure of mammary gland claudin3) and the localization changes of claudin-3 and atialu
which could restrict the invasion of microbial. In order to V€'© determined by western blot and immuno uorescence

elucidate the e ect of licochalcone A on blood-milk barriéne assays. Protein levels of claudin-3, occludin and ZO-1 in the

leakage of FITC-albumin from the interstitial side into eblar I(_:Pl_S grhoulp werA(—:,- signi cgntly I(;vxer tk:an those in the LPS
lumen was determined. The result found that FITC-albumin= 'cochaicone groupRigures 7A-D). Immuno uorescence

was distributed in the interstitial side in the NT group, and Z:a'rl]_'g% revealed signi ca:jn:lytlrcl)wigpres;elnce m;\etms n

FITC-albumin permeated into alveolar lumen in the LPS group Ny group, compared to the icochalcone A groups
(Figure 6). As expect, licochalcone A could inhibit LPS-induced(FIgure 7B, suggesting that licochalcone A repairs the tight
permeation ofFITC-éIbuminI‘{igureG} junction destroyed by LPS. Weaker uorescence intensities

of claudin-3 and occludin were observed in the LPS group,
compared to the control and LPS licochalcone A groups.

Licochalcone A Enhances Protein Levels of Claudin-3 localized with occludin at the apical-most regions

Tight _‘]un_Ctlon Proteins and Re_StoreS in mammary epithelial cells (MECs) before LPS injection with
Localization Changes of Claudin-3 and no di erences between localization patterr@dure 8. At 24 h
Occludin in LPS-Induced Mice Mastitis after LPS injection, claudin-3 mainly localized with ocdluat

Tight junction, the basic structure of blood-milk barriaghich  the apical-most regions. Single localization of claudin-Saut
could restrict the paracellular ow of aqueous moleculesisio occludin was also observed around these areas. In the peesenc
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FIGURE 9 | Effects of Licochalcone A on LPS-induced in ammatory respose in mouse mammary epithelial cells (nMECs). Cells were auled with different
concentrations of licochalcone A (1.2, 1.8, 2.4, and 3ng/mL) for 4 h and viability determined with the CCK8 assay(A) The effect of licochalcone A and licochalcone A
C LPS were determined by CCK8 assay. mMMECs were pretreated witLicochalcone A (1.2, 1.8, 2.4, and 3ng/mL) for 1 h and then stimulated with LPS for 4 h,
protein and mRNA levels were determined by gRT-PCR and westa blot. The mRNA levels oiL-6 (B), IL-1 (C), and TNF- (D), and the relative mRNA level was
normalized to -actin mRNA. The protein levels of COX-ZE,G) and iNOS (E,F), and the relative protein levels were quanti ed by scanning ensitometry and
normalized tob-tubulin. Values are presented as means SD (n D 3) (b < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001 vs. LPS group).

of increasing doses of licochalcone A, claudin-3 re-laealiwith  (Figures 9E—G. These results are consistent with those
occludin at the apical-most regions, suggesting that liedmme  vivo, which further conrms the anti-in ammatory e ect of
A increases the protein levels of tight junction and restdfes licochalcone A.

original localization patterns of claudin-3 and occludin.

Licochalcone A Inhibits LPS-Induced . .
In ammatory Response in MMECs Licochalcone A Inhibits LPS-Induced

In our in vivo experiments, we have proven that licochalconé®Ctivation of AKT/NF- kB and MAPK

A have anti-in ammatory role in LPS-induced mice mastitis. Signaling Pathways in mMECs

To further this function of licochalcone A, the eect of To further elucidate the anti-in ammatory mechanism, we
licochalcone A on LPS-induced inammatory response inalso examined the e ect of licochalcone A on LPS-induced
mMECs was examined. Firstly, the cytotoxicity of licochako activation of AKT/NFkB and MAPK signaling pathways in
A, LPS and licochalcone & LPS on mMECs was determined; mMECs. Firstly, mMECs were pretreated with licochalcone A
The result found that licochalcone A, LPS and licochalcon€l.2, 1.8, and 2#g/mL) for 1h and then stimulated with
A C LPS have no cytotoxicity on mMECSsFigure 9A). LPS for 4h, the phosphorylations of AKT, ERK1/2, JNK1/2,
Secondly, mMECs were pretreated with licochalcone A (1.nd P38 were determined by western blot. The result found
1.8, 2.4, and Bg/mL) for 1h and then stimulated with that licochalcone A inhibited LPS-induced phosphorylations
LPS for 4h, the mRNA levels of IL-6, Ilbland TNF- of AKT (Figures 10A,B, ERK1/2 Figures 10A,B, JNK1/2

a were determined by gRT-PCR, and the protein levels ofFigures 10A,Q, and P38 Figures 10A,D in a dose-dependent
COX2 and INOS were determined by western blot. Thenanner. Secondly, MMECs were pretreated with licochalcone A
result of gRT-PCR shown that LPS signicantly increased?2.4mg/mL) for 1 h and then stimulated with LPS for 15, 30, 45,
the mRNA levels of IL-6, IL4i, and TNFa compared with and 60 min, the phosphorylation okBa and NFkB examined by
control and licochalcone A (Bg/mL) treatment groups, and western blot. With increasing time-periods, the MB-pathway
licochalcone A notably inhibited the increased mRNA levelsvas more strongly activated in the LPS group. Conversely,dn th
of IL-6, IL-1b, and TNFa (Figures 9B-D. The western result LPSC licochalcone A group, the NKB pathway was gradually
found that licochalcone A signi cantly inhibited LPS-indad suppressed, implying that inhibition of in ammation in mMMECs
production of COX2 and iINOS in a dose-dependent mannemby licochalcone A is time-dependeriigures 10F-).
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FIGURE 10 | Effects of licochalcone A on LPS-induced activation of AKT/R-kB and MAPK signaling pathways in mMECs(A-E) Total protein in mMMECs was
collected after 4 h of LPS stimulation. Licochalcone A was aded 1 h before LPS stimulation. Protein levels of p-AKT, p-JK1/2, p-ERK1/2, and p-P38 were detected
via western blot and quantitatively assessed via densitontey using b-tubulin as an internal control. Protein levels were meased using ImageJ software (http://imagej.
nih.gov/ij/) and normalized to that ob-tubulin. (F-I) MMECs were divided into LPS (Ing/mL) or LPSC licochalcone A (2.4mg/mL) groups. After adding LPS to
serum-free medium for 1 h, licochalcone A was added. Proteinvas collected after 0, 15, 30, 45, and 60 min.(F) Western blot analysis of p4Ba, IkBa, p-P65, and
P65 in MMECs were treated with LPSC licochalcone A.(G) Western blot analysis of p#Ba, IkBa, p-P65, and P65 in mMECs were treated with LPS only(H-I) The
phosphorylation of P65 and kBa at different time-points under LPS and LPSC licochalcone A treatment were detected via western blot. Maes are presented as
means SD (D 3) (*p < 0.01vs. LPS, **p < 0.0001 vs. LPS).

Licochalcone A Enhances the Protein (Figures 11A-D, and claudin3 Figures 11A-0) in dose-
Levels of ZO-1, Occludin, and Claudin3 in dependent manner.
mMMECs

In our in vivo experiments, we have found that licochalcone AD|ISCUSSION

repaired blood-milk barrier integrity by increasing the pedt

levels of tight junction components (including ZO-1, Occind  Mastitis is a common clinical disease in humans and animals by
and claudin3). To further clarify whether licochalcone Aiease microbial invasion. Antibiotic therapy is the current mainsam

the protein levels of tight junction components, mMMECs weretreatment but prone to drug resistance with signi cant side-
treated with 2.4ng/mL for 24h, and the protein levels of e ects (30). Our ndings demonstrated that licochalcone A
including ZO-1, Occludin, and claudin3 were detected bycould signi cantly alleviate mastitis via reducing in amatory
western blot. As shown iffigure 11, licochalcone A remarkably response and protecting the blood-milk barrier in LPS-induced
increased the protein levels of ZO-Bigures 11A-D), Occludin  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, Ocatlin, and claudin3 in MMECs. mMECs were serum-starved for 3 before treatment with
Licochalcone A (1.8, 2.4mg/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 quanti ed by scanning densitometry and normalizd to b-tubulin. Values are presented as means SD (n D 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 inibits LPS-induced mastitis.
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licochalcone A signi cantly suppressed the MAPK and AKT/NF-p-P65 levels in the LPS group were signicantly increased.
kB signaling pathwayi vivo andin vitro. These data suggested However, licochalcone A concentration-dependently intadi
that licochalcone A might be a strong candidate for treatinenthe protein levels of p-AKT, pkBa, and p-P65in vivo and
of mastitis. in vitro. Our experiments collectively indicate that licochalcone
Previous reports have shown that monomer compositiorA inhibited the expression of inammatory cytokines via
could relieve mastitis, such as magnolol. Magnolol played aimhibiting MAPK and AKT/NF-kB signaling pathways, thereby
anti-in ammatory e ect by inhibiting TLR4 31). The traditional  alleviating mastitis.
Chinese medicine monomer, licochalcone A, is reported to Previous studies have shown that blood—milk barrier is an
exert anti-inammatory e ects 82). Our team has found important barrier for mammary gland resistance to invasion
that licochalcone A could protect dopaminergic neurons viaby external bacteriad()). Mastitis increases blood—milk barrier
inhibiting neuro- in ammation in LPS-induced PD rat model permeability and disruption of the tight junction, which can
(11). There is no report about the e ect of licochalcone A onfurther aggravate the conditiont(). Claudin-3, occluding, and
development of mastitis. Therefore, we examined the e ect andO-1 are important tight junction proteins in MECs and their
the mechanism of licochalcone A on mastitisvivoandin vitro.  destruction directly a ects the tight junction between cdli).
In vivo, we set up three concentration gradients, and found thatPS is reported to damage the tight junctions between MECs
the mastitis gradually relieved with the increase of liachne A (23). In our experiment, we have studied the anti-mastitis
concentration. It was also obvious from H&E staining thadege  mechanism of licochalcone A. But how did licochalcone A
number of neutrophils were gathered in the mammary acinia ect the blood-milk barrier? Interestingly, we found thalTre-
and the thickening of the acinus was enhanced. As expectealpumin in LPS group could enter in mammary gland acinus,
licochalcone A could improve these micropathological changeand FITC-albumin in mammary gland acinus was decreased
In addition, we found that licochalcone A also signi cantly gradually with the increase of licochalcone A dosegeévo. We
inhibited the protein or gene levels of iINOS, COX-2, IL-6,also found that licochalcone A could increase the proteinleve
IL-1b, and TNFa in vivo and in vitro. At the same time, of claudin-3, occludin, and ZO-ih vivoandin vitro. These data
licochalcone A can also alleviate the in ammatory responke csuggested that licochalcone A improved the integrity of dloo
macrophagesSupplementary Figure 2 These results indicate milk barrier via increasing the protein levels of tight jurat
that licochalcone A can signi cantly alleviate mouse niésti proteins. These data suggested that licochalcone A akeliat
Previous results have conrmed the anti-in ammatory mastitis at least partially by improving the integrity of bloadlk
e ect of licochalcone A, but its anti-in ammatory mechanism barrier. This suggests that licochalcone A may play an imparta
has not been studied, so we studied the anti-in ammatoryrole in protecting the blood-milk barrier.
mechanism of licochalcone A in subsequent experiments. All our experiments indicate that licochalcone A reduces the
Interestingly, we found that licochalcone A can inhibit expression of in ammatory factors by inhibiting the MAPK and
the phosphorylation of MAPK and AKT/NKB signaling AKT/NF-kB signaling pathway, and repairs blood—milk barrier
pathways. Previous studies indicate that LPS triggers TLRfhmage caused by in ammation, supporting a novel clinical

downstream in ammatory pathways to stimulate the releasgppiication of this compound in the treatment of mastitis.
of in ammatory cytokines 83). Two of the most important

signaling pathways in in ammation are TLR4/MYD88/MAPK

(Supplementary Figure 1 and AKT/NF-kB (34). The MAPK  AUTHOR CONTRIBUTIONS

signaling pathway plays a key role in regulation of gene

expression and cytoplasmic functioBs). ERK1/2, INK1/2, and YY, XK, QG, YL, YC, JW, DX, and HM helped with the
P38 proteins in the MAPK signaling pathway are involvedexperiments. SF, BL, and JL revised the content of the article.
in the inammation and stress response of the body andAll authors listed have made a substantial, direct and iettlial
present crucial anti-in ammatory drug targets3§ 37). The contribution to the work, and approved it for publication.
AKT/NF-kB signaling pathway mainly activates MB- by

phosphorylating AKT to degradekBa (38). However, in the

MAPK signaling pathway, p-ERK1/2 and p-P38 directly activatd-UNDING

the NFkB signaling pathway to promote in ammation3g).

In vivo, with a gradual increase in the licochalcone A doseThis study was nancially supported by the National Natural
protein levels of p-ERK1/2, p-JNK1/2, and p-P38 in MAPKScience Foundation of China (Project No. 31602020, 31672509
signaling pathway were decreased. Quor vitro data were and 31873004) and Heilongjiang Provincial Key Laboratory
consistent with those obtaineth vivo. However, the protein of Prevention and Control of Bovine Diseases (Project
level of ERK1/2 was additionally inhibiteid vivo. Therefore, No.PCBD201702).

licochalcone A reduced phosphorylation of ERK1/2 by inhilitin

ERK1/2 protein levels. The protein levels of ERK1/2 did not

changein vitro, which might be due to the short stimulaton SUPPLEMENTARY MATERIAL

time, but its phosphorylation level was also inhibited. In

subsequent experiments, we found that licochalcone A alsbhe Supplementary Material for this article can be found
inhibited the activation of AKT/NFkB signaling pathwayln  online at: https://www.frontiersin.org/articles/10.Z88nmu.
vivo and in vitro results showed that p-AKT, pkBa and 2019.00287/full#supplementary-material
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Supplementary Figure 1 |
TLR4/MYD88 signaling pathways in mMECs(A—C) Total protein in mMMECs was
collected after 4 h of LPS stimulation. Licochalcone A was aded 1 h before LPS
stimulation. Protein levels of TLR4 and MYD88 were detectedia western blot and
guantitatively assessed via densitometry using-tubulin as an internal control.
Protein levels were measured using ImageJ software (http:fiagej.nih.gov/ij/) and
normalized to that ofb-tubulin. Values are presented as means SD (D 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
in ammatory response in mouse macrophage (MMECSs). The mRNAVels of IL-6

Effects of licochalcone A on LPS-induced activation of

(A), IL-1b (B), and TNF-a (C), and the relative mRNA level was normalized to
b-actin mRNA. Values are presented as means SD (WD 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 eaclexperimental
group (n D 10) were obtained at 24 h after LPS administration. Mammarylgnd
tissues of (A) control group, (B) LPS group, (C) LPS C licochalcone A (5 mg/kg)
group, (D) LPS C licochalcone A (10 mg/kg) group, and(E) LPS C licochalcone A
(15 mg/kg) group.
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