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Bergenin Plays an Anti-Inflammatory Role via the Modulation
of MAPK and NF-kB Signaling Pathways in a Mouse Model

of LPS-Induced Mastitis

Xue-jiao Gao,' Meng-yao Guo,” Ze-cai Zhang,' Tian-cheng Wang,' Yong-guo Cao,' and

Nai-sheng Zhang™*

Abstract—Mastitis is a major disease in humans and other animals and is characterized by mammary
gland inflammation. It is a major disease of the dairy industry. Bergenin is an active constituent of the
plants of genus Bergenia. Research indicates that bergenin has multiple biological activities, including
anti-inflammatory and immunomodulatory properties. The objective of this study was to evaluate the
protective effects and mechanism of bergenin on the mammary glands during lipopolysaccharide (LPS)-
induced mastitis. In this study, mice were treated with LPS to induce mammary gland mastitis as a model
for the disease. Bergenin treatment was initiated after LPS stimulation for 24 h. The results indicated that
bergenin attenuated inflammatory cell infiltration and decreased the concentration of NO, TNF-«, IL-
13, and IL-6, which were increased in LPS-induced mouse mastitis. Furthermore, bergenin downreg-
ulated the phosphorylation of nuclear factor-kappaB (NF-kB) and mitogen-activated protein kinases
(MAPK) signaling pathway proteins in mammary glands with mastitis. In conclusion, bergenin reduced
the expression of NO, TNF-«, IL-1{3, and IL-6 proinflammatory cytokines by inhibiting the activation of
the NF-kB and MAPKSs signaling pathways, and it may represent a novel treatment strategy for mastitis.

KEY WORDS: bergenin; mastitis; anti-inflammation; nuclear factor-kappaB (NF-«B); mitogen-activated protein

kinases (MAPKs).

INTRODUCTION

Mastitis is a major disease restricting the dairy indus-
try worldwide [1], and results in decreased milk produc-
tion, increased health care costs, and many other problems
[2]. Additional studies are necessary to develop new pro-
phylactic and therapeutic approaches for bovine mastitis.
Mastitis is the inflammation of the mammary gland, caused
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by infecting pathogenic microorganisms [3, 4].
Escherichia coli is the primary gram-negative bacterial
pathogen that causes mastitis [5]. E. coli and its toxins
may damage mammary epithelial cells and induce the
epithelial cells to release inflammatory cytokines, causing
an acute, severe inflammatory response [6].

Lipopolysaccharide (LPS), the main component of
the outer membranes of E. coli, may trigger the inflamma-
tory response [7, 8]. It has been shown that injection of
LPS into mammary gland induces mastitis similar to £. coli
infection [9]. The costs associated with experimental bo-
vine mastitis are prohibitive; therefore, the use of smaller
animals is required. Recently, LPS was diffusely used in
studies of the mouse model of mastitis [10, 11]. Here, our
study was performed with the mouse model of mastitis by
injecting LPS into the mammary gland.

The antimicrobials used in the treatment of clinical
mastitis may induce biofilm formation by E. coli [12],
increasing the bacterial drug resistance [13]. An effective
drug for mastitis is necessary for clinical therapy. Bergenin
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(Fig. 1), an active constituent of the plants of the genus
Bergenia, is used as a folk medicine for the treatment of
many diseases [14, 15]. Studies report that it has multiple
biological activities, such as anti-oxidant [16], anti-
inflammatory [17], anti-malarial [18], neuroprotective
[19], and immunomodulatory [20] properties. The anti-
inflammatory action of bergenin is associated with potent
inhibition of the inflammatory mediators, NO and TNF-a,
as demonstrated in macrophages stimulated with LPS [21].
The exact molecular mechanism of bergenin’s anti-
inflammatory effects remains unclear, and there is little
data about the anti-inflammatory effect of bergenin on
mastitis. Therefore, the present study was performed to
determine the effect of bergenin in the mouse model of
LPS-induced mastitis and its mechanism of action.

MATERIALS AND METHODS

Animals

In the present study, 60 adult female BALB/c mice
(6-8 weeks old, weighing 40-45 g) were used. All mice
were provided by the center of Experimental Animals of
Baiqiuen Medical College of Jilin University. All animal
experiments were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use
Committee of Jilin University.

Experimental Groups and Administration

Bergenin (Purity >99.9 %) was purchased from the
National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China) (Fig. 1). It was

Fig. 1. The chemical structure of bergenin.
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dissolved in physiological saline at concentrations of 100,
50, and 25 mg/kg. LPS (E. coli 055:B5) was diluted in
sterile PBS and adjusted to a concentration of 0.2 mg/ml.
The mice were divided into three groups as follows:

(1) The LPS-stimulated group (LPS) was the mouse model
of mastitis without drug treatment. A 100-ul syringe
with a 30-gauge blunt needle was used to inoculate
50 ul LPS into the mammary gland through both the
L4 (on the left) and R4 (on the right) of the abdominal
mammary glands.

(2) The bergenin administration group (BAG) was subject-
ed to mastitis by LPS and intraperitoneally adminis-
tered bergenin at 100, 50, and 25 mg/kg, injected four
times at 6, 12, 18, and 24 h after LPS stimulation for
24 h.

(3) The dexamethasone administration group (DEX) was
subjected to mastitis by LPS and intraperitoneally ad-
ministered dexamethasone.

(4) The control group (CG) in which the mice received no
treatment.

After the treatment, the mice were euthanized by CO,
inhalation, and the mammary gland was harvested and
stored at —80 °C until analysis.

Histological Analysis

Immediately after euthanasia, the mammary tissues
were harvested and fixed in 10 % formalin. After 1 week,
the fixed tissues were embedded in paraffin, deparaffinized
with xylene, and rehydrated with graded alcohol for staining.
The tissue sections were stained with hematoxylin and eosin
(H&E) and visualized with a microscope (Olympus, Japan).

Cytokine Enzyme-Linked Immunosorbent Assays

The mammary gland tissues were weighed and ho-
mogenized with phosphate-buffered saline (w/v 1/9) on ice
and then centrifuged at 2000g for 40 min at 4 °C. Finally,
the supernatants were collected to determine the levels of
TNF-«, IL-1[3, and IL-6 using the mouse enzyme-linked
immunosorbent assay (ELISA) kits (BioLegend, Inc, San
Diego, CA, USA) in accordance with the manufacturer’s
instructions.

NO Assays (mol/kg)

The mammary gland tissues were weighed and ho-
mogenized with phosphate-buffered saline (w/v 1/9) on ice
and then deproteinized with 10 % zinc sulfate. Nitrite and
nitrate may produce NO. The total NO concentrations were
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determined using the acidic Griess reaction via the reduc-
tion of nitrate to nitrite by vanadium (III) chloride [22]. The
nitric oxide concentrations were measured using a spectro-
photometer in accordance with the manufacturer’s instruc-
tions of the kit (Nanjing Jiancheng BIO, Inc, NJ, China).
The absorbance at 540 nm was measured using a micro-
plate reader (Molecular Devices) after 10 min of incubation
at room temperature.

Quantitative Real-Time Polymerase Chain Reaction

The total RNA from the mammary gland tissues
(50 mg tissue; n=3/diet group) was extracted using Trizol.
The concentration and purity of the total RNA were deter-
mined spectrophotometrically at 260/280 nm. The cDNA
was generated using the Revert Aid First Strand cDNA
Synthesis Kit (Thermo Scientific, MA). The synthesized
cDNA was diluted fivefold with sterile water and stored at
—80 °C. The Primer Premier Software (PREMIER Biosoft
International, USA) was used to design specific primers for
IkB, nuclear factor-kappaB (NF-kB), p38, ERK, JNK, and
[3-actin based on known sequences (Table 1). The mRNA
expression was measured via quantitative real-time poly-
merase chain reaction (QRT-PCR) using the SYBR Green
Plus reagent kit (Roche, Swiss) and a 7500 Fast Real-Time
PCR System (Applied Biosystems, USA). The amplifica-
tion efficiency for each gene was determined using the
DART-PCR program [23]. The mRNA relative abundance
was calculated according to the method of Pfaffl [24],
accounting for gene-specific efficiencies, and was normal-
ized to the mean expression of 3-actin.

The results (fold changes) were expressed as
in which AACt=(Ct 1p/NF-xB/p38/ERK/INK ~Clp_actin)t-

2»AACI’

(Ctinos/1kB/NF-xB/p38/ERK/AINK-Ctp_actin)C, Where Clycp/Np-cp/
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p3s/ERK/ANK alld Ctp_qciin) are the cycle thresholds for carp
IkB/NF-kB/p38/ERK/INK and 3-actin genes in the differ-
ent treated groups, respectively; t is the treatment group,
and c is the control group.

Western Blot Analysis

The mammary tissue samples were homogenized,
and the total protein was extracted with the T-PER Tissue
Protein Extraction Reagent according to the manufac-
turer’s protocols. The protein concentrations were deter-
mined using the BCA protein assay. For Western blot
analysis, each sample with an equal amount of protein
(50 pg) was fractionated on 10 % SDS polyacrylamide
gels, electrophoretically transferred onto polyvinylidene
difluoride (PVDF) membrane, and blocked in 5 % skim
milk in tris-Tween-buffered saline (TTBS) for 2 h at room
temperature. The membranes were incubated with primary
antibodies (1:1000 dilution) (Beverly, MA, USA) at 4 °C
overnight. 3-actin was used as a control. After washing the
membrane with TTBS, incubation with a 1:5000 dilution
(vol/vol) of secondary antibody (Buckinghamshire, UK)
was performed for 1 h at room temperature. The specifi-
cally bound peroxidase was detected with the Super Signal
West Pico Chemiluminescent Substrate (Thermo Scientif-
ic, MA, USA). The images were captured using a
MicroChemi 4.2 system (DNR Bio Imaging Systems, Je-
rusalem, Israel).

Data Analysis

The statistical analysis of the cytokine assays and
mRNA level was performed using the SPSS statistical
software for Windows (version 13; SPSS Inc., Chicago,
IL, USA). The significance was determined via a one-way

Table 1. Primers Used For Quantitative Real-Time Pcr

Name Primer sequence Product size (bp)

IkB Sense: 5-TACCCTACATCTTGCCTGT-3' 197
Anti-sense: 5'-GTCATAGCTCTCCTCATCCTC-3'

NF-kB Sense: 5'-ACGCCAAGACTGGCAGC-3’ 157
Anti-sense: 5'-TCGGCGAGGACCAGAG-3'

p38 Sense: 5-TCGAGACCGTTTCAGTCCATC-3' 181
Anti-sense: 5-GGGTCACCAACACGTCATT-3'

ERK Sense: 5'-ACCGAAGCCATGAGA-3' 128
Anti-sense: 5'-TAGTCGCAGGTGGTGTT-3’

INK Sense: 5-TTGATACAGTTCTTGGGATA-3’ 143
Anti-sense: 5'-TTGAGGGTACAGTCTGATTT-3'

-actin ense: 5'-T. T T. T 7
{B-acti S “TAAGCAGCAACTCAGTAACAGTCGG 173

Anti-sense: 5'-TGCATGTGG CATACCATGAAC
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ANOVA using a significance level of P<0.05. The data
were assessed using the Tukey-Kramer method for multi-
ple comparisons. All values were expressed as the means+
SD.

RESULTS

Pathological Histology Analysis

The mammary gland tissues from all groups were
harvested at 24 h after LPS stimulation and bergenin treat-
ment. The tissues sections were subjected to hematoxylin
eosin (HE) staining. No pathological lesions were observed
in the control group (Fig. 2a). There were mild pathological
lesions in the DEX group (Fig. 2¢). In the LPS-stimulated
group without bergenin treatment (Fig. 2b), the inflamma-
tory cells, including neutrophils and macrophages, were
observed in the acinus. Some acini were injured. Many of
the mammary epithelial cells were destroyed. The organi-
zational structure of the mammary lobules was incomplete.
However, bergenin inhibited the pathological damage
caused by LPS. In the bergenin administration group, the
inflammatory cell infiltration was decreased and the acini
and lobules were not destroyed. The histopathological
changes were ameliorated at drug concentrations of 25,
50, and 100 mg/kg (Fig. 2d, e, f).
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Effect of Bergenin on Inflammatory Cytokines
in LPS-Stimulated Mammary Gland

LPS-induced mastitis is related to many types of
inflammatory cytokines. To determine the effect of
bergenin on mammary glands with mastitis, the NO,
TNF-«, IL-f3, and IL-6 concentrations in the mammary
gland were measured (Fig. 3). Compared to CG, stimula-
tion with LPS led to a significant increase in NO, TNF-«,
IL-1p3, and IL-6 production. These increases were signifi-
cantly inhibited by bergenin. These results indicate that
bergenin significantly suppresses the production of NO,
TNF-«, IL-1f3, and IL-6 in a dose-dependent manner, with
increasing concentrations of bergenin (25, 50, and 100 pg/
ml). The production of these cytokines was slightly in-
creased in the DEX group.

Regulation of the NF-kB Pathway by Bergenin
in the Mammary Gland of LPS-Induced
Mastitis Mice

NF-kB, bound to its inhibitor, IkB, is an important
signaling molecule for development of inflammation. NF-
kB pathway activation may enhance the transcription of
proinflammatory genes. In the present study, the mRNA
and protein expressions for IkB and NF-kB were measured
using quantitative RT-PCR and Western blot analysis as
shown in Fig. 4. Compared to the CG, there was a

£y * A d 2 ) \ A "'.‘:
i _ﬁ" o 0 .;‘,'n/'(‘m

Fig. 2. Histopathological analysis of mammary tissue. a Control group (CG). The mice were untreated. b LPS-stimulated group (LPS). f dexamethasone
administration group (DEX). c¢—e bergenin (25, 50, and 100 mg/kg) administration post-stimulation.
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Fig. 3. Inflammatory cytokines levels in mammary tissue. NO assays using the Griess reaction. TNF-c, IL-13, and IL-6 ELISAs. The data represent 1 ml
mammary homogenate supernatant and are presented as the means+SEM (n=10). CG control group, LPS LPS-stimulated group. The 25, 50, and 100 mg/kg
were bergenin administration groups. #P <0.01 is significantly different from the CG. *P <0.05 is significantly different from the LPS group.
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Fig. 4. Effect of bergenin on NF-«B activation. Western blot and qPCR were performed to detect the NF-kB and IkB protein and mRNA levels. Protein
phosphorylation was also detected. [3-actin was used as the control. CG is the control group, and the mice were untreated. LPS is the LPS-stimulated group.
DEX is the dexamethasone administration group. The bergenin administration groups received 25, 50, and 100 mg/kg bergenin post-LPS stimulation. The
values are the means+SEM (n=10). #P <0.01 is significantly different from the CG. *P <0.05 is significantly different from LPS.
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significant increase (P<0.05) of the IkB and NF-kB mRNA
and protein levels in the LPS group, bergenin groups, and
the DEX group. Compared to the LPS group, the IkB and
NF-kB mRNA levels were not significantly different from
those of the (P> 0.1) bergenin groups. The LPS-stimulated
group exhibited significantly higher levels of IkBa and P65
phosphorylation than the control group and treatment
groups. However, bergenin significantly suppresses IkBx
and P65 protein phosphorylation, with increasing concen-
trations of bergenin (25, 50, and 100 pg/ml).

Effect of Bergenin on the MAPK Pathway
in Mammary Glands from LPS-Induced
Mastitis Mice

The mitogen-activated protein kinase (MAPK) path-
way may also mediate the development of an inflammatory
response. The MAPKs are p38, JNK, and ERK. To

a Bergenin (mg/kg)

G 0 =0 7 LPS

p38 -----

33332
- =28

p-p38
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determine whether MAPKs are affected by bergenin, the
MAPKSs were further examined. The mRNA, protein, and
phosphorylation levels of all MAPKs were significantly
increased in the LPS group (Fig. 5). There was no signif-
icant difference for the (P>0.1) mRNA levels of JNK,
ERK, and p38 between the LPS group and the bergenin
administration groups. However, the results indicated that
bergenin inhibited the LPS-induced phosphorylation of
p38, ERK, and JNK. This effect is significant with increas-
ing concentrations of bergenin (25, 50, and 100 pg/ml)

(Fig. 5).

DISCUSSION

Mastitis, a serious disease for humans and animals
[25], occurs as two types, clinical and subclinical mastitis
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Fig. 5. Effect of bergenin on MAPK activation. Western blot was performed to detect p38, ERK, and JNK protein levels and phosphorylation. The qPCR was
performed to detect the mRNA of p38, ERK, and INK. 3-actin was used as the control. CG is the control group, and the mice were untreated. LPS is the LPS-
stimulated group. DEX is the dexamethasone administration group. The bergenin administration groups received 25, 50, and 100 mg/kg bergenin post-LPS
stimulation. The values are presented as the means+SEM (n=10). #P<0.01 is significantly different from the CG. * P <0.05 is significantly different from

LPS.
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[26]. Additional studies are necessary to develop new
prophylactic and therapeutic approaches for mastitis and
have been performed in the mouse model. The present
study successfully used this model. Based on the histopath-
ological observation, a severe inflammatory response was
induced by LPS in the mammary gland tissues. The in-
flammatory cells, including neutrophils and macrophages,
were observed in the acinus. Several acini were injured.
Many of the mammary epithelial cells were destroyed. The
organizational structure of the mammary lobules was in-
complete. The results were the same as those of previous
studies [6, 10, 11]. However, bergenin significantly
inhibited the injury severity of the mammary gland. Al-
though some inflammatory cells were among the acini in
the bergenin administration group, the acinar structure was
not destroyed. Previous studies reported that bergenin had
a protective effect [18, 27]. For the first time, our results
indicated that bergenin was protective to mammary gland
tissues.

The expression of the proinflammatory cytokines,
TNF-«, IL-1$3, and IL-6, were increased by mastitis in
the mammary gland [28]. A previous study showed that
bergenin is a potent inhibitor of the inflammatory me-
diators, NO and TNF-x [21]. In the present study, NO,
TNF-«, IL-13, and IL-6 were analyzed. The result
showed that bergenin significantly suppressed the pro-
duction of NO, TNF-«, IL-13, and IL-6, which were
induced by LPS in a dose-dependent manner, and this
was significant with increasing concentrations of
bergenin (25, 50, and 100 pg/ml). These cytokines are
involved in the host defense and pathophysiological
progression of infectious and inflammatory diseases
[29]. NO and TNF-« are early cytokines. Proinflamma-
tory cytokines are indicators of inflammation [30, 31].
Previous studies reported that NO and TNF-« rapidly
increase with LPS [32, 33], and our result was consis-
tent with this. IL-13 and IL-6 play important roles in
the regulation of the host immune responses [34]. Many
studies reported that mice lacking IL-1f3 expression
have increased susceptibility to infective inflammation
[35]. This indicated that bergenin exerted its anti-
inflammatory effect by reducing the expression of IL-
13 in the mammary gland. The optimal levels of NO,
TNF-«, IL-1f3, and IL-6 are important to defense; how-
ever, excess concentrations mediate systemic inflamma-
tion, with destructive rather than protective effects on
the host [36]. In the present study, we determined that
bergenin was anti-inflammatory because it regulated
NO, TNF-«, IL-1$3, and IL-6 and prevented LPS-
induced mastitis destruction of the mammary gland.

Gao, Guo, Zhang, Wang, Cao and Zhang

The expression of inflammatory cytokines is modu-
lated by the NF-xB and MAPK pathways. To further assess
the mechanism by which bergenin inhibits cytokine pro-
duction, the effects of bergenin on the expression of IkB,
NF-«kB, and MAPKs (JNK, ERK, and p38) were exam-
ined. Upon phosphorylation, the NF-«B subunit, p65, dis-
sociates from IkB and the inhibitory protein of NF-«B and
translocates into the nucleus, where it initiates the tran-
scription of inflammatory cytokines [37, 38]. ERK, JNK,
and p38 are the primary MAPKSs [39]. In the present study,
the expression of NF-kB, IkB, and MAPK mRNAs was
increased in the LPS group and the bergenin administration
group. There were no significant differences between the
groups (P>0.1). The phosphorylation of the NF-kB and
IkB proteins was attenuated in the bergenin administration
group and was dose-dependent, demonstrating that
bergenin decreased the dissociation of IkB and NF-«B
and inhibited the subsequent translocation of NF-kB p65
into the nucleus. The expression of NO, TNF-«, IL-1f3,
and IL-6 was reduced. The phosphorylation of ERK, JNK,
and p38 was significantly suppressed in the bergenin ad-
ministration group. Many studies showed that the inhibi-
tion of phosphorylation of ERK, JNK, and p38 played an
anti-inflammatory role in mastitis [6, 10, 28]. Both NF-xkB
and MAPK appear to be critical mediators of the inflam-
matory response. The present study demonstrated that
bergenin inhibits the phosphorylation of NF-«kB, IkB, and
MAPKSs and has beneficial effects in mastitis.

CONCLUSION

Bergenin may alleviate the inflammatory reaction of
mastitis caused by LPS. Bergenin suppressed the produc-
tion of proinflammatory mediators that were upregulated
by LPS and regulated by the NF-kB and MAPK signaling
pathways in the mammary gland with LPS-induced masti-
tis. The results of this study suggest that bergenin appears
to be an effective drug for mastitis and may be used for
clinical therapy.
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