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Abstract

Bovine mastitis is primarily treated with antimicrobial agents. Anti-inflammatory agents
are also used to alleviate clinical symptoms or reduce antimicrobial use. Glycyrrhizin is an
anti-inflammatory agent used in the treatment of bovine mastitis, but its effects are not fully
understood. We therefore examined the anti-inflammatory effects of glycyrrhizin both in vivo and
in vitro. We first tested whether glycyrrhizin exerts anti-inflammatory effects using MAC-T cells,
an immortalized bovine mammary epithelial cell line. Glycyrrhizin decreased the expression
of interleukin (IL)-1B mRNA in a concentration-dependent manner in MAC-T cells stimulated
with lipoteichoic acid (LTA). We then investigated the effects of glycyrrhizin in bovine mammary
epithelial cells (bMECs), which seem to retain more of the characteristics of actual mammary
epithelial cells. Stimulation with LTA or lipopolysaccharide significantly increased cytokine
mRNA expression in bMECs. Glycyrrhizin exhibited a slight inhibitory effect, but no significant
difference was observed. The effect of glycyrrhizin on LTA-induced mastitis was examined
in lactating cows. Quarters were divided into test and control areas (test quarter: n=8, control
quarter: n=7). All quarters were stimulated with LTA at the start of the trial (0 h). In the test quar-
ter group, glycyrrhizin was administered via intramammary infusion. The somatic cell count and
relative gene expression of IL-1B and tumor necrosis factor—a were significantly lower in test
quarters than control quarters. Both the in vitro and in vivo studies showed that glycyrrhizin
reduces the expression of proinflammatory cytokine genes in response to LTA-induced inflamma-
tion and partially revealed the mechanism of the anti-inflammatory effect of glycyrrhizin on mas-
titis. Further investigations involving field cases of mastitis with bacterial infections are needed
to demonstrate the anti-inflammatory effect of glycyrrhizin on bovine mastitis.
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Introduction

Bovine mastitis causes significant economic harm
to dairy farmers (Halasa et al. 2007). As infection
of the mammary gland with pathogenic microorga-
nisms is the primary cause of bovine mastitis, the
disease is commonly treated with antimicrobial agents
(Nobrega et al. 2017). Anti-inflammatory drugs such as
steroids or non-steroidal anti-inflammatory agents may
also be used in combination with antimicrobial agents.
The combined use of anti-inflamma tory and antimicro-
bial agents reportedly has several benefits, such as early
resolution of inflammation, pain reduction, and reduced
use of antimicrobial agents due to earlier recovery
(Petersson Wolfe et al. 2018, Kurumisawa et al. 2022).

Glycyrrhizin, a triterpenoid compound extracted
from licorice, is an anti-inflammatory agent used
to treat bovine mastitis. It is commercially available in
Japan and used as a therapeutic drug for combined use
with antibiotics. However, few reports are available
describing the effects of glycyrrhizin on bovine masti-
tis. Intramammary infusion of glycyrrhizin soon redu-
ced the clinical signs in mild coagulase-negative staph-
ylococcal mastitis (Kai et al. 2003). Administration of
glycyrrhizin at the time of initial diagnosis in mild cases
of clinical mastitis was shown to reduce the use of anti-
microbial agents and promote more-rapid alleviation of
local symptoms (Kurumisawa et al. 2022). Glycyrrhizin
reportedly exhibits a variety of effects, such as anti-
inflammatory, antimicrobial, immunoregulatory, anti-
cancer, anti-ulcer, and hepatoprotective properties
(Hosseinzadeh and Nassiri Asl 2015, Yang et al. 2015,
Batiha et al. 2020, Hasan et al. 2021). However, the de-
tails regarding its anti-inflammatory mechanism remain
unclear. Glycyrrhizin reportedly decreases the percent-
age of neutrophils and reduces the secretion of hista-
mine into milk in lactating cows with mastitis caused
by coagulase-negative staphylococci (Kai et al. 2003).
In a mouse mastitis model and cells derived from mice,
glycyrrhizin inhibited the secretion of inflammatory cy-
tokines and prostaglandins (Yoshida et al. 2007, Kato
2008, Fu et al. 2014).

In the present study, we conducted three experi-
ments to evaluate the anti-inflammatory effects of gly-
cyrrhizin on bovine mastitis. In experiment 1, we tested
whether glycyrrhizin exerts anti-inflammatory effects
in bovine mammary epithelial cells, using an immorta-
lized bovine mammary epithelial cell line (MAC-T
cells) (Huynh et al. 1991). Only one inflammatory
parameter, interleukin-1B (IL-1B) expression, was
evaluated in experiment 1. We then compared the
response of cells to inflammation in the presence and
absence of glycyrrhizin using bovine mammary epithe-
lial cells (bMECs), which seem to retain more of the

characteristics of actual mammary epithelial cells
(experiment 2). In experiment 2, the number of para-
meters examined was expanded to provide a more
detailed study. Finally, we examined whether glycyr-
rhizin exerts anti-inflammatory effects in lipoteichoic
acid (LTA)-induced mastitis in lactating cows in vivo
(experiment 3).

Materials and Methods

Experiment 1

MAC-T cells were cultured in Dulbecco’s Modified
Eagle Medium (Sigma-Aldrich Co. LLC., St. Louis,
MO, USA) supplemented with 10% fetal bovine serum
(Biosera, Cholet, France), 5 pg/mL insulin (Sigma-
-Aldrich), and 1 pg/mL hydrocortisone (Sigma-
-Aldrich). MAC-T cells were stimulated with 30 ug/mL
LTA (Staphylococcus aureus, Sigma-Aldrich) and
treated with 0, 0.2, 2, 20, and 200 pg/mL glycyrrhizin
(Sigma-Aldrich). The cells were cultured at 37°C
in a humidified incubator (5% CO,) for 24 h. Relative
gene expression levels of IL-1p were determined. Total
RNA (tRNA) was isolated from the cells using ISOGEN
(Nippon Gene, Tokyo, Japan) following the manufac-
turer’s instructions. Reverse transcription (RT) was car-
ried out on 0.5 pg of the recovered RNA using ReverTra
Ace qPCR RT Master Mix with gDNA Remover
(TOYOBO, Osaka, Japan) to obtain first-strand cDNA.
The resulting cDNA was stored at -20°C until analysis.
Quantitative PCR (qPCR) was conducted using a Light-
Cycler 96 System (Roche Diagnostics K.K., Tokyo,
Japan) with FastStart SYBR Green Master Mix (Roche
Diagnostics, Mannheim, Germany). Primer sequences
are shown in Table 1. PCR conditions were as follows:
10 min at 95°C, followed by 45 cycles of 95°C for 10 s,
60°C for 10 s, and 72°C for 15 s. f-Actin served as an
internal control (Bougarn et al. 2011). Gene expression
levels were determined according to the AAC, method.
All tests were conducted in quadruplicate.

To determine the effect of glycyrrhizin on cell
viability, MAC-T cells were plated at a density of
10* cells/cm? in 24-well plates (AS ONE Corp., Osaka,
Japan) and stimulated with 200 ug/mL glycyrrhizin for
24 h. Cell viability was measured using a Luna-FL™
system (Logos Biosystems, South Korea).

Experiment 2

The protocol for this experiment adhered to the
guidelines of the Rakuno Gakuen University Animal
Experimentation Committee and was approved by the
committee (no. VH21C2). bMECs were originally iso-
lated from three healthy multiparous lactating Holstein
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Table 1. Sequences of oligonucleotide primers used in this study.

Gene product Primer sequence

Amplicon size (bp)

Accession No. Experiment No. References

F:AGC AAG CAG GAG TAC GAT GAG
R:ATC CAA CCGACT GCT GTC A
F:ACC GTG AGA AGA TGA CCC AGA
R:AGG CAT ACA GGG ACA GCA CA

F: GCATCC CAC AGA CTATIT CC

R: GCA AAG ACA ATG ACA GAC CA
F:AGT GCC TAC GCA CAT GTC TTC

R: TGC GTC ACA CAG AAA CTC GTC
F:ATC AGA ACA CTG ATC CAGATC C
R: CAA GGT TTC TCA GGA TGA GG

F: GAA GAG AGC TGA GAA GCA AGA TCC
R: ACC CAC ACA GAA CAT GAG GC
F:ACA CATTCC ACA CCTTTC CAC
R:ACC TTC TCG ACC CAC TTT TC

F: TCT TCT CAA GCC TCA AGT AAC AAG C
R: CCA TGA GGG CAT TGG CAT AC
F:CCA CGTTGT AGC CGA CATC

R: CCC TGA AGA GGA CCT GTG AG

F: CAT TCC CTG GCA AGT GGA TTATC
R: GGA ATG GCC TTC TTG TCAATG G
F:CTT CCC GGG GGA TGT TTC AA

R: CCT GAG GCG GTTTCTACT CG

B-actin

YWHAZ
IL-1p
IL-6

1L-8

TNF-a

TLR2

TLR4

241

90

120

114

145

142

149

418

155

195

169

NM_173979.3 exp. 2 Robinson et al. 2007
NM_173979.3 exp. 1,3 Griesbeck-Zilch et al. 2008
GUB17014.1 exp. 2 Goossens et al. 2005
M 37211 exp. 1,2,3 Griesbeck-Zilch et al. 2008
NM 173923.2 exp. 2 O’Gorman et al. 2006
NM 173925.2 exp. 2 O’Gorman et al. 2006
AF_232704 exp. 3 Griesbeck-Zilch et al. 2008
NM_173966.3 exp. 2 Lee et al. 2006
NM_173966 exp. 3 Griesbeck-Zilch et al. 2008
NM_174197.2 exp. 2 Imaizumi et al. 2024
NM_174198.6 exp. 2 Imaizumi et al. 2024

bp — base pair, F — forward, R — reverse, YWHAZ — tryptophan 5-monooxygenase activation protein zeta polypeptide, IL — interleukin, TNF — tumor necrosis factor,

TLR - toll-like receptor.

cows using a procedure described previously and used
at the 6th-7th passage (Hu et al. 2009). The characteris-
tics of the three cows varied; the parity was in the range
3-4, and the number of days in milk (DIM) ranged from
6-39. A total of six experiments were performed using
cells from these three cows (n=6). Cells were pre-incu-
bated with or without 200 pg/mL glycyrrhizin for 16 h
and then stimulated with 50 pg/mL lipopolysaccharide
(LPS) (Escherichia coli O111:B4, Sigma-Aldrich) or
20 pg/mL LTA (S. aureus, Sigma-Aldrich) for 24 h.
Gene expression levels of cytokine (IL-1p, IL-6, IL-8,
and tumor necrosis factor-a [TNF-a]) and toll-like
receptor (TLR)2 and TLR4 were determined under each
condition. tRNA was isolated from bMECs, and cDNA
was synthesized using TRI reagent (Molecular
Research Center, Inc., Cincinnati, OH, USA), TURBO
DNA-free DNAse (Ambion), ReverTra Ace reverse
transcriptase (Toyobo, Japan), and oligo dT primers
(Toyobo). Thunderbird SYBR qPCR mix (Toyobo) and
a CFX ConnectMyiQ-iCycler (Bio-Rad Laboratories,
USA) were used for qPCR analyses. Primer sequences
are shown in Table 1. The qPCR cycling conditions
were as follows: denaturation at 95°C for 5 min, fol-
lowed by 40 cycles of denaturation at 95°C for 15 s,
annealing at 60°C for 30 s, and extension at 72°C for
30 s. Melting curve analysis consisted of heating
the PCR product from 55°C to 95°C and monitoring the
change in fluorescence at every increase of 0.5°C. Tran-
scripts encoding B-actin and tyrosine 3-monooxygenase
/ tryptophan 5-monooxygenase activation protein — zeta
polypeptide (YWHAZ) were analyzed as reference
genes (Bougarn et al. 2011). Gene expression levels
were determined according to the AAC, method.

Experiment 3

The study protocol for the animal trial involving
a lactating dairy cow adhered to the guidelines of the
Azabu University Animal Experimentation Committee
and was approved by the committee (no. 230120-1).
One Holstein dairy cow in late-lactation (200 DIM) and
producing 20 kg/day of milk was evaluated for this
trial. The cow was milked twice each day, at 8 am and
4 pM, and showed no signs of clinical mastitis. The four
quarters were divided into test and control quarters, and
the allocation was replaced for a total of four trials.
Each trial was conducted at 2-week intervals, and a total
of 15 quarters were tested, except for one quarter that
did not recover from inflammation (test quarters: n==8,
control quarters: n=7). All quarters were stimulated
with 50 pg/quarter LTA (S. aureus, Sigma-Aldrich)
diluted in 10 mL of 0.9% sterile saline via the intrama-
mmary route at the start of the trial (0 h). Treatment
was administered at 0 h and 8 h with an intramammary
infusion of 10 mL of Mastrytine® (Kyoritsu Seiyaku
Corp., Tokyo, Japan) containing 600 mg of glycyrrhizin
for the test quarters and 10 mL of 0.9% sterile saline for
the control quarters. Using sterile techniques, a milk
sample was collected from each quarter into a sterile
culture tube at 0, 4, 8, 24, and 72 h. The milk somatic
cell count (SCC) was determined using a DeLaval
Cell Counter (DeLaval International AB, Tumba,
Sweden). The activity of B-N-acetylglucosaminidase
(NAGase) was determined using a B-N-acetylgluco-
saminidase assay kit (Sigma-Aldrich). Whey obtained
by centrifugation at 3,500 rpm for 10 min was used for
NAGase activity measurements. To control for the



o
Co

T Kurumisawa et al.

A IL-1B B
*% P<0.01

s P>0.05
g 80 -
O~ &
g8 70 10000
o5 E=
O c 60 A g o}
g2 S22 1000 -
o8 = 0
oo 504 o
SE O 's)
=) Q o
% 40 - 3 s 100 |
4 S2

30 - 10 |

20

1
10
0 0
0 0.2 2 20 200 0 200
GL (pg/mL) GL(pg/mL)

Fig. 1. Effect of glycyrrhizin on lipoteichoic acid (LTA)-induced inflammation in mammary epithelial cells (MAC-T cells).

effect of whey coloration on measurements, the absor-
bance of an unreacted sample was subtracted from the
measured value. Gene expression levels of IL-1p, IL-8,
and TNF-o were measured for each milk sample. tRNA
was extracted from milk samples based on the report by
Wellnitz et al. (2011), with some modifications. Briefly,
a 50-mL milk sample was immediately centrifuged
(1,500 x g, 30 min). The fat layer and supernatant were
removed by aspiration, and the cell pellet was recove-
red with PBS (pH 7.4) and centrifuged (460 x g, 15
min). After removal of the supernatant, the cells were
suspended in ISOGEN and stored at -20°C until total
RNA extraction. RT-qPCR analyses were conducted in
the same manner described for Experiment 1.

Statistical analyses

Statistical analyses were performed using the Dun-
nett test for gene expression of IL-13 in MAC-T cells,
and the Student s-test was used to assess differences
in cell viability. Differences in gene expression levels in
bMECs were analyzed using the Smirnov-Grubbs test
for outliers, followed by the Kruskal-Wallis test.
A generalized linear mixed model was used to assess
differences in SCC, NAGase activity, and expression
of cytokine gene in milk samples of LTA-induced
mastitis. P-values of <0.05 were considered statistically
significant.

Results

Effect of glycyrrhizin on LTA-induced
inflammation in MAC-T cells

The gene expression of IL-1p in MAC-T cells stimu-
lated with LTA decreased in a concentration-dependent

manner following the addition of glycyrrhizin. A signi-
ficant difference in gene expression was observed
between 0 and 200 pg/mL glycyrrhizin (p<0.01).
MAC-T cell viability was not affected by glycyrrhizin

(Fig. 1).

Effect of glycyrrhizin on LTA- or LPS-induced
inflammation in bMECs

Stimulation with LPS or LTA significantly increased
cytokine gene expression, but the suppressive effect of
glycyrrhizin was slight, with no significant differences
observed (Fig. 2). TLR gene expression levels did not
change significantly following stimulation with LPS
or LTA.

In vivo effect of glycyrrhizin on LTA-induced
mastitis in a lactating cow

SCC and NAGase activity in milk after intramam-
mary injection of LTA are shown in Fig. 3(A) and (B).
In the test quarters, SCC levels were significantly lower
than in the control quarters, indicating an interaction
(p<0.01). There were no significant differences in
NAGase activity between groups or over time. No visi-
ble abnormalities in milk properties were observed
in either the test or control quarters. Mild swelling was
observed between 4 h and 8 h in some of the control and
test quarters. The relative gene expression of IL-1p,
IL-8, and TNF-a is shown in Fig. 3(C). IL-1p and
TNF-a gene expression in the control quarters increased
rapidly and peaked during the first 4-8 h. In contrast, the
increase in the test quarters was slight, and the diffe-
rence between the two groups was significant. Maxi-
mum [L-8 expression was observed after 24 h, but the
difference was not significant.
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Bovine mastitis is caused by bacterial infection,
and it is treated primarily with antimicrobial agents
(Nobrega et al. 2017). However, anti-inflammatory
agents also play an important role in the treatment
of bovine mastitis. The increase in antimicrobial resis-
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tance in recent years has become an important public
health issue worldwide, and it has necessitated reduced

and more prudent use of antimicrobial agents, not only
in human medicine but also in the veterinary field
(World Health Organization 2015). Therefore, it is im-
portant to examine the potential uses of anti-inflamma-
tory agents in terms of therapeutic efficacy and whether
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they may be effective in reducing the use of antimicro-
bial agents in the treatment of bovine mastitis.
As bovine mastitis is a painful disease (Fitzpatrick et al.
2013), appropriate pain control approaches are needed
from the perspective of animal welfare (Petersson
Wolfe et al. 2018).

The innate immune response plays an important
role in the biophylaxis of bovine mastitis (Nogueira
De Souza et al. 2012, Xu et al. 2019). The innate
immune response is initiated by the recognition of
pathogen-associated molecular patterns (PAMPs)
by pattern recognition receptors (PRRs) on bMECs
(Bhattarai et al. 2018b). PAMP recognition activates
various intracellular pathways that lead to the secretion
of pro-inflammatory cytokines, neutrophil migration,
phagocytosis, and the production of reactive oxygen
species. This response not only attacks pathogens, but
also damages host tissue, leading to the release of en-
dogenous TLR ligands known as damage-associated
molecular patterns, which can exacerbate tissue dam-
age (Prince et al. 2011). Therefore, appropriate control
of inflammation is important in infection treatment.

Glycyrrhizin is an anti-inflammatory agent appro-
ved in Japan for the treatment of bovine mastitis. How-
ever, only a few studies have examined the efficacy of
glycyrrhizin in dairy cows or bMECs (Kai et al. 2003,
Kurumisawa et al. 2022). Furthermore, all previous
studies other than those using dairy cows involved LPS
stimulation, thus assuming gram-negative bacterial
infection. Therefore, in this study, both LTA and LPS
were evaluated in bMECs and LTA was evaluated
in a lactating dairy cow. We monitored the expression
of several representative cytokines and chemokine as
measures of inflammation. Both TNF-a and IL-1f are
pro-inflammatory cytokines that play an important role
in promoting neutrophil infiltration in the innate
immune response during the early stages of infection.
IL-6 exerts immunomodulatory effects and plays a role
in acute total protein synthesis. IL-8 is a chemokine up-
regulated in both gram-negative and -positive bacterial
infections (Oviedo Boyso et al. 2007). In this study,
MAC-T cells stimulated with LTA (a component of
gram-positive bacteria) exhibited decreased relative
expression of the IL-1P gene in a glycyrrhizin concen-
tration — dependent manner. In addition, the SCC and
relative expression of the IL-1p and TNF-a genes were
decreased in LTA-stimulated mastitis. These results
suggest glycyrrhizin exerts anti-inflammatory effects
in gram-positive bovine mastitis. The observations that
NAGase activity was not elevated in the present in vivo
experiment, SCC was elevated only mildly, and clinical
symptoms were mild suggest that the inflammation
in the mammary tissue was very mild. In addition,
a time lag between infection and the start of treatment

is typical in the clinical treatment of naturally occurring
mastitis, but in the present study, glycyrrhizin was
administered simultaneously with LTA, which does not
fully replicate actual treatment scenarios. However,
the results of our study indicate that glycyrrhizin exerts
at least some anti-inflammatory effect against mild
mammary gland inflammation.

Differences in immune responses between MAC-T
cells and bMECs have been reported (Strandberg et al.
2005, Giinther et al. 2016). The reasons for these diffe-
rences are not clear, but they may be related to the ori-
gin of the cells, the number of passages, or the immor-
talization process. Although no significant differences
were observed in the experiment with bMECs in the
present study, a trend toward lower gene expression
of cytokines was observed with glycyrrhizin adminis-
tration, similar to the results obtained with MAC-T
cells. In other words, the results obtained with bMECs
were not in conflict with those obtained with MAC-T
cells, which demonstrated the anti-inflammatory effects
of glycyrrhizin. Also, as reported in other studies
(Nogueira et al. 2012), LPS stimulation increased
pro-inflammatory cytokine gene expression, illustrating
the validity of this study.

LPS stimulation reportedly activates both TLR2
and TLR4 (Griesbeck-Zilch et al. 2008, Gilbert et al.
2013, Bhattarai et al. 2018a). Other reports have sug-
gested that TLR2 and TLR4 exhibit a cooperative
response to  Staphylococcus  aureus  infection
(Goldammer et al. 2004, Bhattarai et al. 2018a).
However, it has also been reported that LTA alone does
not stimulate TLR4 (Bhattarai et al. 2018a, Gilbert et al.
2013). In the present study, neither LTA nor LPS stimu-
lation increased the relative expression of the TLR2
gene, and only slightly increased the relative expression
of the TLR4 gene. This may be related to the reported
changes in the peak expression of TLR2 and TLR4
over time (Griesbeck-Zilch et al. 2008) and to observa-
tions that TLR2 expression in mammary tissue is not
elevated 48 h after S. aureus challenge (Whelehan et al.
2011). Interestingly, a slight increase in relative expres-
sion of the TLR4 gene was observed with glycyrrhizin
treatment compared to no glycyrrhizin treatment upon
LTA and LPS stimulation. The detailed mechanism of
glycyrrhizin’s anti-inflammatory effects is not clear.
Experiments in LPS-induced murine mastitis and
mouse mammary epithelial cells stimulated with LPS
have shown that glycyrrhizin inhibits the nuclear factor
— kappa B (NF-kB) pathway (Fu et al. 2014). Fu et al.
(2014) suggest that inhibition of the NF-kB pathway by
glycyrrhizin is due to inhibition of TLR4 translocation
to lipid rafts. Other studies have shown that glycyr-
rhizin inhibits TLR4 homodimerization (Honda et al.
2012). One hypothesis is that the increase in TLR4 gene



Anti-inflammatory effects of glycyrrhizin on lipoteichoic acid ... 41

expression with glycyrrhizin observed in this study may
be related to positive feedback on such mechanisms.
In addition to LTA, the muramyl peptide, an elementary
constituent of bacterial peptidoglycan, is also involved
in pattern recognition in gram-positive bacteria, and
TLR2 and nucleotide-binding oligomerization domain
2 cooperate in pattern recognition (Bougarn et al. 2010).
The results of the present study were insufficient to
form a conclusion regarding the relationship between
the anti-inflammatory effects of glycyrrhizin and the
expression of TLR genes. Further data are needed, con-
sidering the duration and association with multiple
PAMPs and PRRs.

In the present study, both in vitro and in vivo experi-
ments showed that glycyrrhizin reduces the expression
of proinflammatory cytokine genes in response to
LTA-induced inflammation and partially revealed the
mechanism of the anti-inflammatory effect of glycyr-
rhizin on gram-positive bacterial mastitis. Further
investigations involving field cases of mastitis with
bacterial infections are needed to fully demonstrate the
anti-inflammatory and therapeutic effects of glycyr-
rhizin on bovine mastitis.

References

Batiha GE, Beshbishy AM, El-Mleeh A, Abdel-Daim MM,
Devkota HP (2020) Traditional uses, bioactive chemical
constituents, and pharmacological and toxicological activi-
ties of glycyrrhiza glabra L. (fabaceae). Biomolecules 10: 352.

Bhattarai D, Worku T, Dad R, Rehman ZU, Gong X, Zhang S
(2018) Mechanism of pattern recognition receptors (PRRs)
and host pathogen interplay in bovine mastitis. Microb
Pathog 120: 64-70.

Bougarn S, Cunha P, Gilbert FB, Meurens F, Rainard PS (2011)
Technical note: Validation of candidate reference genes
for normalization of quantitative PCR in bovine mammary
epithelial cells responding to inflammatory stimuli. J Dairy
Sci 94: 2425-2430.

Bougarn S, Cunha P, Harmache A, Fromageau A, Gilbert FB,
Rainard P (2010) Muramyl dipeptide synergizes with stap-
hylococcus aureus lipoteichoic acid to recruit neutrophils in
the mammary gland and to stimulate mammary epithelial
cells. Clin Vaccine Immunol 17: 1797-1809.

Fitzpatrick CE, Chapinal N, Petersson-Wolfe CS, DeVries TJ,
Kelton DF, Duffield TF, Leslie KE (2013) The effect of
meloxicam on pain sensitivity, rumination time, and clinical
signs in dairy cows with endotoxin-induced clinical masti-
tis. J Dairy Sci 96: 2847-2856.

Fu Y, Zhou E, Wei Z, Liang D, Wang W, Wang T, Guo M,
Zhang N, Yang Z (2014) Glycyrrhizin inhibits the inflam-
matory response in mouse mammary epithelial cells and
a mouse mastitis model. FEBS J 281: 2543-2557.

Gilbert FB, Cunha P, Jensen K, Glass EJ, Foucras G, Robert
Granié¢ C, Rupp R, Rainard P (2013) Differential response
of bovine mammary epithelial cells to staphylococcus
aureus or escherichia coli agonists of the innate immune
system. Vet Res 44: 40.

Goldammer T, Zerbe H, Molenaar A, Schuberth HJ,
Brunner RM, Kata SR, Seyfert HM (2004) Mastitis increas-
es mammary mMRNA abundance of beta-defensin 5,
toll-like-receptor 2 (TLR2), and TLR4 but not TLR9
in cattle. Clin Diagn Lab Immunol 11: 174-185.

Goossens K, Van Poucke M, Van Soom A, Vandesompele J,
Van Zeveren A, Peelman LJ (2005) Selection of reference
genes for quantitative real-time PCR in bovine preimplanta-
tion embryos. BMC Dev Biol 5: 27.

Griesbeck-Zilch B, Meyer HH, Kiihn CH, Schwerin M,
Wellnitz O (2008) Staphylococcus aureus and escherichia
coli cause deviating expression profiles of cytokines and
lactoferrin messenger ribonucleic acid in mammary epithe-
lial cells. J Dairy Sci 91: 2215-2224.

Gilinther J, Koy M, Berthold A, Schuberth HJ, Seyfert HM
(2016) Comparison of the pathogen species-specific im-
mune response in udder derived cell types and their models.
Vet Res 47: 22.

Halasa T, Huijps K, Osteras O, Hogeveen H (2007) Economic
effects of bovine mastitis and mastitis management:
areview. Vet Q 29: 18-31.

Hasan MK, Ara I, Mondal MS, Kabir Y (2021) Phytochemistry,
pharmacological activity, and potential health benefits
of Glycyrrhiza glabra. Heliyon 7: e07240.

Honda H, Nagai Y, Matsunaga T, Saitoh S, Akashi-Takamura S,
Hayashi H, Fujii I, Miyake K, Muraguchi A, Takatsu K
(2012) Glycyrrhizin and isoliquiritigenin suppress the LPS
sensor toll-like receptor 4/MD-2 complex signaling
in a different manner. J Leukoc Biol 91: 967-976.

Hosseinzadeh H, Nassiri-Asl M (2015) Pharmacological effects
of glycyrrhiza spp. and its bioactive constituents: Update
and review. Phytother Res 29: 1868-1886.

Hu H, Wang J, Bu D, Wei H, Zhou L, Li F, Loor J (2009) In vitro
culture and characterization of a mammary epithelial cell
line from Chinese Holstein dairy cow. PloS One 4: €7636.

Huynh HT, Robitaille G, Turner JD (1991) Establishment
of bovine mammary epithelial cells (MAC-T): an in vitro
model for bovine lactation. Exp Cell Res 197: 191-199.

Imaizumi N, Gondaira S, Kamioka M, Sugiura T, Eguchi A,
Nishi K, Fujiki J, Iwano H, Higuchi H (2024) Innate
immune response of bovine mammary epithelial cells
in Mycoplasma bovis mastitis using an in vitro model
of bovine mammary gland infection J Vet Med Sci
86: 712-720.

Kai K, Komine K, Asai K, Kuroishi T, Komine Y, Kozutsumi T,
Itagaki M, Ohta M, Endo Y, Kumagai K (2003) Anti-inflam-
matory effects of intramammary infusions of glycyrrhizin
in lactating cows with mastitis caused by coagulase-nega-
tive staphylococci. Am J Vet Res 64: 1213-1220.

Kato T, Horie N, Hashimoto K, Satoh K, Shimoyama T,
Kaneko T, Kusama K, Sakagami H (2008) Bimodal effect
of glycyrrhizin on macrophage nitric oxide and prostaglan-
din E2 production. In Vivo 22: 583-586.

Kurumisawa T, Yagisawa T, Shinozuka Y, Kawai K (2022)
Effect of glycyrrhizin administration followed by symptom-
-based antimicrobial selection therapy on antimicrobial use
in clinical mastitis without systemic symptoms. J Vet Med
Sci 84: 1265-1271.

Lee JW, Bannerman DD, Paape MJ, Huang MK, Zhao X (2006)
Characterization of cytokine expression in milk somatic
cells during intramammary infections with escherichia coli
or staphylococcus aureus by real-time PCR. Vet Res
37:219-229.



42

T Kurumisawa et al.

Nobrega DB, De Buck J, Naqvi SA, Liu G, Naushad S,
Saini V, Barkema HW (2017) Comparison of treatment
records and inventory of empty drug containers to quan-
tify anti-microbial usage in dairy herds. J Dairy Sci
100: 9736-9745.

De Souza FN, Sanchez EM, Heinemann MB, Gidlund MA,
De Campos Reis L, Blagitz MG, Libera AM, Cerqueira MM
(2012) The innate immunity in bovine mastitis:
the role of pattern-recognition receptors. Am J Immunol
8: 166-178.

O’Gorman GM, Park SD, Hill EW, Meade KG, Mitchell LC,
Agaba M, Gibson JP, Hanotte O, Naessens J, Kemp S,
MacHugh DE (2006) Cytokine mRNA profiling of peri-
pheral blood mononuclear cells from trypanotolerant and
trypanosusceptible cattle infected with trypanosoma congo-
lense. Physiol Genomics 28: 53-61.

Oviedo-Boyso J, Valdez-Alarcon J, Cajero-Judrez M, Ochoa-
-Zarzosa A, Lopez-Meza J, Bravo-Patifio A, Baizabal-
-Aguirre VM (2007) Innate immune response of bovine
mammary gland to pathogenic bacteria responsible for mas-
titis. J Infect 54: 399-409.

Petersson-Wolfe CS, Leslie KE, Swartz TH (2018) An update on
the effect of clinical mastitis on the welfare of dairy cows
and potential therapies. Vet Clin North Am Food Anim Pract
34: 525-535.

Prince LR, Whyte MK, Sabroe I, Parker LC (2011) The role
of TLRs in neutrophil activation. Curr Opin Pharmacol
11: 397-403.

Robinson TL, Sutherland 1A, Sutherland J (2007) Validation of
candidate bovine reference genes for use with real-time
PCR. Vet Immunol Immunopathol 115: 160-165.

Strandberg Y, Gray C, Vuocolo T, Donaldson L, Broadway M,
Tellam R (2005) Lipopolysaccharide and lipoteichoic acid
induce different innate immune responses in bovine mam-
mary epithelial cells. Cytokine 31: 72-86.

Wellnitz O, Arnold ET, Bruckmaier RM (2011) Lipopolysaccha-
ride and lipoteichoic acid induce different immune respon-
ses in the bovine mammary gland. J Dairy Sci 94: 5405-12.

Whelehan CJ, Meade KG, Eckersall PD, Young FJ, O’Farrelly C
(2011) Experimental Staphylococcus aureus infection of the
mammary gland induces region-specific changes in innate
immune gene expression. Vet Immunol Immunopathol
140: 181-189.

World Health Organization (2015) Global action plan on antimi-
crobial resistance. https://www.who.int/publications/i/item/
9789241509763.

Xu T, Deng R, Li X, Zhang Y, Gao MQ (2019) RNA-seq analy-
sis of different inflammatory reactions induced by lipopoly-
saccharide and lipoteichoic acid in bovine mammary epithe-
lial cells. Microb Pathog 130: 169-177.

Yang R, Wang L, Yuan B, Liu Y (2015) The pharmacological
activities of licorice. Planta Med 81: 1654-1669.

Yoshida T, Abe K, Ikeda T, Matsushita T, Wake K, Sato T,
Inoue H (2007) Inhibitory effect of glycyrrhizin on lipo-
polysaccharide and d-galactosamine-induced mouse liver
injury. Eur J Pharmacol 576: 136-142.



