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Abstract: Peiminine, an alkaloid extracted from Fritillaria plants, has been reported to have potent
anti-inflammatory properties. However, the anti-inflammatory effect of peiminine on a mouse
lipopolysaccharide (LPS)-induced mastitis model remains to be elucidated. The purpose of this
experiment was to investigate the effect of peiminine on LPS-induced mastitis in mice. LPS was
injected through the canals of the mammary gland to generate the mouse LPS-induced mastitis model.
Peiminine was administered intraperitoneally 1 h before and 12 h after the LPS injection. In vitro,
mouse mammary epithelial cells (mMECs) were pretreated with different concentrations of peiminine
for 1 h and were then stimulated with LPS. The mechanism of peiminine on mastitis was studied by
hematoxylin-eosin staining (H&E) staining, western blotting, and enzyme-linked immunosorbent
assay (ELISA). The results showed that peiminine significantly decreased the histopathological
impairment of the mammary gland in vivo and reduced the production of pro-inflammatory
mediators in vivo and in vitro. Furthermore, peiminine inhibited the phosphorylation of the protein
kinase B (AKT)/ nuclear factor-κB (NF-κB), extracellular regulated protein kinase (ERK1/2), and p38
signaling pathways both in vivo and in vitro. All the results suggested that peiminine exerted potent
anti-inflammatory effects on LPS-induced mastitis in mice. Therefore, peiminine might be a potential
therapeutic agent for mastitis.
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1. Introduction

It is well known that dairy mastitis is a production-limiting disease that is harmful to the dairy
industry. The causes of mastitis are different, mainly due to the invasion of bacteria, fungi, and
pathogens into mammary epithelial cells. Among them, Escherichia coli is the most common pathogenic
bacteria [1], and lipopolysaccharide (LPS) from gram-negative bacteria is considered an important
factor that is used to establish an animal model of inflammation [2]. LPS induces a strong inflammatory
response, through the production of pro-inflammatory mediators, such as tumor necrosis factor alpha
(TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β) [3,4], and the genes of these pro-inflammatory
factors are regulated by the nuclear factor-κB (NF-κB), ERK1/2, and p38 signaling pathways [5].
In clinical practice, the use of large amounts of antibiotics leads to serious drug resistance, a decreased
efficacy, and the emergence of superbugs. However, the advantages of natural Chinese herbal extracts,
including little side effects, light damage to substantial organs, and a good effect on inflammation,
are increasingly favored by researchers.
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More and more studies focus on natural products and mastitis. Previous studies have shown that
mangiferin can inhibit mastitis induced by LPS via suppressing NF-κB and NLRP3 signaling pathways,
and resveratrol inhibits LPS-induced mice mastitis through attenuating the Mitogen-activated protein
kinase (MAPK) and NF-κB signaling pathway [6,7]. Peiminine is a natural product of alkaloids, which
comes from Fritillaria [8]. Peiminine (Figure 1) is a monomer derived from a traditional Chinese
medicinal herb. Studies show that peiminine represses colorectal carcinoma tumor growth by inducing
autophagic cell death [9]. Peiminine also plays a role in alleviating bleomycin-induced acute lung injury
in rats [10]. In addition, studies demonstrate that peiminine has good anti-inflammatory, antitussive,
and expectorant effects [11]. Although peiminine shows good therapeutic effects on other diseases,
its role and mechanism in protection against mastitis are not clear. The purpose of this study was
to investigate the anti-inflammatory effect and mechanism of peiminine on a mouse LPS-induced
mastitis model.
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2. Results

2.1. Effects of Peiminine on the LPS-Induced Histopathological Impairment of the Mammary Gland

The histopathological changes are shown in Figure 2A–J. Overall mammary gland injury was
scored based on edema, neutrophil infiltration, and hemorrhage, and three visual fields were 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) (Figure 2K). As shown in Figure 2, the no-treatment (NT) group displayed no abnormal
histopathological changes (Figure 2A,F). After LPS treatment, the structure of the mammary gland
vesicles was damaged, the wall of the gland was thickened, and the mammary gland contained
extensive inflammatory cell infiltration (Figure 2B,G). However, compared with the LPS group,
the peiminine treatment groups displayed reduced cellular infiltration and decreased abnormal
histopathological changes in a dose-dependent manner (Figure 2C–E,H–J). Importantly, the group
treated with 5 mg/kg peiminine was nearly identical to the NT group (Figure 2E,J).

2.2. Effect of Peiminine on Myeloperoxidase (MPO) Activity and Pro-Inflammatory Mediators in the Mammary
Gland of LPS-Induced Mastitis Model Mice

Compared with the NT group, the LPS-treated group had significantly increased MPO activity
in the mammary tissues (p < 0.0001) (Figure 3A). In addition, peiminine significantly reduced the
MPO activity in mice with LPS-induced mastitis (p < 0.0001) (Figure 3A). The pro-inflammatory
mediators TNF-α, IL-6, IL-1β, cyclooxygense-2 (COX-2), and induced nitric oxide synthase (iNOS)
play very important roles in the process of inflammation [12]. The production of TNF-α (Figure 3B),
IL-6 (Figure 3C), and IL-1β (Figure 3D) in the mammary tissues was detected by enzyme-linked
immunosorbent assay (ELISA), and COX-2 (Figure 3E,F) and iNOS (Figure 3E,G) levels were detected
by western blotting. The results showed that compared with the NT group, the LPS-treated groups
had significantly increased production of TNF-α, IL-6, IL-1β, COX-2, and iNOS, and that peiminine
inhibited the production of these pro-inflammatory mediators (Figure 3B–G).
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Figure 2. Histopathological sections of the mammary tissues (H&E, 100× and 400×). The mammary tissues (n = 6 in each group) from each group were processed for 
histological evaluation. Representative histological changes in the mammary tissues from each group were as follows: (A,F) no-treatment (NT) group; (B,G) 
lipopolysaccharide (LPS) group; (C,H) LPS + 1 mg/kg peiminine group; (D,I) LPS + 3 mg/kg peiminine group; and (E,J) LPS + 5 mg/kg peiminine group. Histologic 
grade of the mammary gland (K). The histological morphology and pathology results showed that peiminine treatment alleviated the LPS-induced pathological 
changes. The number sign (#) indicates a significant difference from the NT group at p < 0.0001. The tetrad asterisks (****) indicate p < 0.0001 and the double 
asterisks (**) indicate p < 0.01 vs. the LPS group.  

 

Figure 2. Histopathological sections of the mammary tissues (H&E, 100× and 400×). The mammary tissues (n = 6 in each group) from each group were
processed for histological evaluation. Representative histological changes in the mammary tissues from each group were as follows: (A,F) no-treatment (NT) group;
(B,G) lipopolysaccharide (LPS) group; (C,H) LPS + 1 mg/kg peiminine group; (D,I) LPS + 3 mg/kg peiminine group; and (E,J) LPS + 5 mg/kg peiminine group.
Histologic grade of the mammary gland (K). The histological morphology and pathology results showed that peiminine treatment alleviated the LPS-induced
pathological changes. The number sign (#) indicates a significant difference from the NT group at p < 0.0001. The tetrad asterisks (****) indicate p < 0.0001 and the
double asterisks (**) indicate p < 0.01 vs. the LPS group.
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levels of (E,F) COX-2 and (E,G) iNOS were measured by western blotting. The data are presented as 
the mean ± SD (n = 6). The number sign (#) indicates p < 0.0001, which was significantly different from 
the NT group. The tetrad asterisks (****) indicate p < 0.0001, the triple asterisks (***) indicate p < 
0.0005, the double asterisks (**) indicate p < 0.01, and the single asterisk (*) indicates p < 0.05 vs. the 
LPS group. 

  

Figure 3. Effect of peiminine on (A) the myeloperoxidase (MPO) activity in the mammary gland of
LPS-induced mastitis, the levels of (B) tumor necrosis factor alpha (TNF-α), (C) interleukin-6 (IL-6),
and (D) interleukin-1β (IL-1β) in the homogenate of the mouse mammary tissues, including the NT
group, the LPS group, and the groups treated with peiminine (1, 3, and 5 mg/kg), and the protein
levels of (E,F) COX-2 and (E,G) iNOS were measured by western blotting. The data are presented as
the mean ± SD (n = 6). The number sign (#) indicates p < 0.0001, which was significantly different from
the NT group. The tetrad asterisks (****) indicate p < 0.0001, the triple asterisks (***) indicate p < 0.0005,
the double asterisks (**) indicate p < 0.01, and the single asterisk (*) indicates p < 0.05 vs. the LPS group.
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2.3. Effect of Peiminine on the LPS-Induced Activation of AKT, NF-κB p65, ERK1/2, and p38 in
Mammary Tissues

The NF-κB signaling pathway, which is activated by toll-like receptors (TLRs), plays a pivotal role
in regulating the expression of pro-inflammatory mediators. To explore how peiminine modulated the
inflammatory response in the mammary tissues, the phosphorylation of NF-κB and its upstream kinase
AKT were measured by western blotting. The results showed that peiminine significantly suppressed
the LPS-induced phosphorylation of NF-κB p65 and AKT in a dose-dependent manner (Figure 4A–C).
The ERK1/2 and p38 signaling pathways are also important in the inflammatory response. Thus,
the effect of peiminine on the activation of ERK1/2 and p38 was examined. LPS significantly
increased the phosphorylation of ERK1/2 and p38 (Figure 4A,D,E). As expected, in the presence
of peiminine, the increased phosphorylation of ERK1/2 and p38 upon LPS stimulation was attenuated
(Figure 4A,D,E).
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Figure 4. Peiminine inhibits the phosphorylation of the AKT, nuclear factor-κB (NF-κB) p65, ERK1/2
and p38 signaling pathways in the mammary tissues. The results for the protein levels of (A,B) p-AKT,
(A,C) p-NF-κB p65, (A,D) p-ERK1/2, and (A,E) p-p38 were measured by western blotting. The data
are presented as the mean ± SD (n = 6). The number sign (#) indicates a significant difference from the
NT group at p < 0.0001. The tetrad asterisks (****) indicate p < 0.0001, the triple asterisks (***) indicate
p < 0.0005, and the double asterisks (**) indicate p < 0.01 vs. the LPS group.

2.4. Effect of Peiminine on Cell Viability and LPS-Induced Inflammatory Response in mMECs

To examine the cytotoxicity of peiminine, the mouse mammary epithelial cells (mMECs) were
treated with peiminine at concentrations ranging from 30 to 70 µg/mL for 1 h and were then stimulated
with LPS for 4 h. Then, the cell viability was detected by a cell counting kit-8 (CCK8) assay. The CCK8
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results showed that peiminine did not affect cell viability (Figure 5A). The production of TNF-α
and IL-6 in the mMECs was detected by ELISA, and COX-2 was detected by western blotting.
The results showed that compared with the NT group, LPS significantly increased the protein levels
of TNF-α (Figure 5B), IL-6 (Figure 5C), and COX-2 (Figure 5D,E), and that peiminine inhibited the
production of these pro-inflammatory mediators (Figure 5B–E). However, the NT group and the NT +
peiminine group were not different (Figure 5B,C). These results suggested that peiminine inhibited the
inflammatory response induced by LPS in mMECs and did not cause an inflammatory response in
normal mMECs.
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Figure 5. Effect of peiminine on (A) cell viability. The cells were cultured with different concentrations
of peiminine (30, 50, or 70 µg/mL) for 4 h. Cell viability was determined by the CCK8 assay. The levels
of (B) TNF-α and (C) IL-6 in the mouse mammary epithelial cells (mMECs), including the NT group,
the NT + peiminine 70 µg/mL group, the LPS group, and the groups treated with peiminine (30, 50, or
70 µg/mL), and the protein level of (D,E) COX-2 were measured by western blotting. The data are
presented as the mean ± SD (n = 6). The number sign (#) indicates a significant difference from the
NT group at p < 0.0001. The tetrad asterisks (****) indicate p < 0.0001, the triple asterisks (***) indicate
p < 0.0005, the double asterisks (**) indicate p < 0.01, and the single asterisk (*) indicates p < 0.05 vs. the
LPS group.

2.5. Effect of Peiminine on the LPS-Induced Activation of AKT, NF-κB p65, ERK1/2, and p38 in mMECs

In mice with LPS-induced mastitis, the authors found that peiminine inhibited the LPS-induced
activation of AKT, NF-κB p65, ERK1/2, and p38 in the mammary tissues. To further demonstrate
whether the effect of peiminine on inflammatory response was associated with these signaling
pathways, the effect of peiminine on the phosphorylation of AKT, NF-κB p65, ERK1/2, and p38 was
determined in the LPS-stimulated mMECs. The results showed that peiminine significantly suppressed
the LPS-induced phosphorylation of AKT, NF-κB p65, ERK1/2, and p38 in a dose-dependent manner
(Figure 6A–E).
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pathways in mMECs. The results for the protein levels of (A,B) p-AKT, (A,C) p-NF-κB p65,
(A,D) p-ERK1/2, and (A,E) p-p38 were measured by western blotting. The data are presented as
the mean ± SD (n = 6). The number sign (#) indicates a significant difference from the NT group at
p < 0.0001. The tetrad asterisks (****) indicate p < 0.0001, the triple asterisks (***) indicate p < 0.0005,
the double asterisks (**) indicate p < 0.01, and the single asterisk (*) indicates p < 0.05 vs. the LPS group.

3. Discussion

Peiminine is an alkaloid extracted from the traditional Chinese medicine Fritillaria that possesses a
variety of biological properties [13–15]. A previous study confirmed that when the amount of peiminine
in vivo reached 5 mg/kg, there were no toxic side effects [10]. In this study, an intraperitoneal
administration of peiminine was performed twice, at 1 h before and 12 h after the LPS injection,
and in vitro, the mMECs were pretreated with various concentrations of peiminine for 1 h and were
then stimulated with LPS for 4 h. This study revealed that peiminine suppressed the pathologic
changes to the mammary gland and inhibited MPO activity and production of pro-inflammatory
mediators (TNF-α, IL-6, IL-1β, COX-2, and iNOS) by suppressing the AKT/NF-κB, ERK1/2, and p38
signaling pathways.

LPS-induced mastitis involves neutrophil infiltration as the main characteristic of the
inflammatory response [16]. MPO is a distinguished enzyme in innate defense that is released by
neutrophils, macrophages, and monocytes during phagocytosis into the extracellular environment,
and MPO also takes part in various biological processes [17,18]. MPO is characterized by pro-oxidative
and pro-inflammatory properties and is a feasible marker for a variety of inflammatory diseases,
including acute lung inflammation [19] and acute intestinal inflammation [20,21]. In this experiment,
MPO activity was significantly lower in the peiminine groups, which means that the neutrophil
inflammatory infiltration decreased, indicating that peiminine had a certain therapeutic effect on
mastitis. This may be related to the fact that peiminine restrained the excessive release of inflammatory
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cytokines induced by LPS. In addition, in order to evaluate the histological changes of the mouse
mammary gland after LPS injection, the authors stained the mammary with hematoxylin and eosin.
The results showed that LPS-induced hyperplasia of the glandular wall in the mammary tissues was
significantly increased and showed a large number of inflammatory cells infiltrating, causing a serious
inflammatory response. However, the peiminine groups displayed reduced inflammatory cells and
a decreased neutrophil content. With increasing peiminine concentrations, the neutrophil content
showed a significantly decreasing trend, especially at 5 mg/kg peiminine, at which point the status
of the mammary gland was nearly normal. This result indicated that the different concentrations of
peiminine effectively reduced the inflammatory lesions in the mammary tissue.

Pro-inflammatory cytokines, such as TNF-α, IL-6 and IL-1β, play an important role in
inflammatory responses [22]. Among them, the production of TNF-α is very important for the
synthesis of NO in the mammary tissues stimulated by LPS [23], and various types of inflammation,
including mastitis, are shown to be involved [24]. Similarly, the release of IL-1β during LPS-induced
inflammation causes damage to cells or tissues [25]. IL-6 is also an important pro-inflammatory factor
that is considered to be the endogenous molecule that causes fever [26]. In this study, TNF-α, IL-6 and
IL-1β levels were significantly increased in the LPS-induced mastitis model, and peiminine inhibited
the production of TNF-α, IL-6 and IL-1β in a dose-dependent manner. This study’s results were
consistent with those of Wang, who found that peiminine mitigated the pulmonary functional and
structural impairment in chronic obstructive pulmonary disease (COPD) model rats and inhibited
the inflammatory response [27]. Pro-inflammatory enzymes (COX-2 and iNOS) are induced during
pathophysiological responses by inflammatory stimuli such as LPS, and their catalytic products
promote the progression of the inflammatory response. Therefore, to investigate the mechanism of
how peiminine attenuates LPS-induced mastitis in mice, the authors examined the effects of peiminine
on LPS-stimulated mMECs. They found that peiminine also inhibited the secretion of inflammatory
cytokines in LPS-induced mMECs, which was consistent with the results of the animal experiments.
Thus, they determined the effect of peiminine on pro-inflammatory enzyme production. The results
revealed that peiminine significantly decreased the LPS-induced production of COX-2 and iNOS.
These results indicated that peiminine suppressed the LPS-induced inflammatory response in the
mammary tissues. At the same time, Lim also confirmed the authors’ results regarding the effect of
peiminine on DNCB-induced atopic dermatitis [28].

NF-κB is composed of p50 and p65 and is one of the most important regulatory factors for
pro-inflammatory gene expression [29]. NF-κB plays a central role in the inflammatory response
by controlling the expression of cytokines [30], such as TNF-α and IL-6 [31]. To confirm whether
peiminine was involved in the anti-inflammatory response, the authors further investigated the impact
of peiminine on the phosphorylation of NF-κB p65 and its upstream kinase AKT. The results revealed
that LPS significantly induced the phosphorylation of NF-κB p65 and AKT, and that peiminine
inhibited this effect in a dose-dependent manner. In 2015, Wu used RAW264.7 macrophages to
confirm that peiminine inhibited the pro-inflammatory effect of LPS stimulation through the NF-κB
pathway [32]. This result was similar to that of Bina Lee in 2015 in a study of the allergic inflammatory
response induced by human mast cell-1 (HMC-1) cells mediated by peiminine [33]. Their results
confirmed that the peiminine dose-dependent inhibition of LPS-induced secretion was similar to the
TNF-α, IL-6 and IL-1β inflammatory cytokines, inhibiting the activation of NF-κB and the predominant
degradation of IκB [33]. ERK1/2 and p38 mediate inflammation, and they are the important targets of
anti-inflammation [34]. The authors also detected the effect of peiminine on the phosphorylation of
ERK1/2 and p38. The results showed that LPS significantly enhanced the phosphorylation of ERK1/2
and p38, and that these effects were inhibited by an intraperitoneal administration of peiminine.
In vitro, the AKT/NF-κB, ERK1/2, and p38 signaling pathways were also inhibited by peiminine,
which was consistent with the results of the animal experiments. Previous studies have shown that
peiminine can protect dopaminergic neurons from inflammation-induced cell death by inhibiting the
ERK1/2 and NF-κB signaling pathways [35]. The above results indicated that the effect of peiminine
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on pro-inflammatory cytokines was mediated, at least in part, by inhibiting the AKT/NF-κB, ERK1/2,
and p38 signaling pathways.

In conclusion, this study showed that peiminine had anti-inflammatory activity that depended on
its ability to regulate the production of TNF-α, IL-1β, and IL-6 by suppressing the activation of the
AKT/NF-κB, ERK1/2, and p38 signaling pathways. Moreover, the authors hypothesized that this was
the mechanism by which peiminine decreased the production of inflammatory cytokines to provide an
anti-inflammatory effect in a mouse LPS-induced mastitis model (Figure 7).
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4. Materials and Methods

4.1. Animals

All the animal care and experimental procedures in the study 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). BALB/c mice were purchased from the Center
of Experimental Animals of the Baiqiuen Medical College of Jilin University (Jilin, China). Breeding
triads, consisting of two females and one male, were randomly established and were supplied with
food and water ad libitum during the experiments. The room temperature was kept at 25 ± 1 ◦C,
and the water was sterilized by autoclaving. When pregnancy was confirmed, each female was
housed individually.

4.2. Mouse Mastitis Model

Female and male mice were first housed together for 4–6 days to adapt them to the surroundings.
Then, two female mice and one male mouse were randomly separated into each cage, which was
supplied with sufficient water and forage material. Five to seven days after giving birth, the lactating
females were isolated from their offspring, and they were randomly divided into five groups as
follows: NT group (n = 6); LPS group (n = 6); and LPS + peiminine (1, 3, or 5 mg/kg) group (n = 6).
The drug treatment group was pretreated by an intraperitoneal administration of peiminine (1, 3, or
5 mg/kg) (dissolved in Dimethyl sulfoxide (DMSO)) (>98% purity; Shanghai Yuanye Bio-Technology
Co., Ltd., Shanghai, China). One hour later, the LPS-induced (dissolved in phosphate buffered solution
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(PBS)) (Sigma-Aldrich, St. Louis, MO, USA) mastitis model was established in the mice, with the
exception of the NT group. The fourth pair of nipples and the surrounding area were sterilized
with 75% ethanol. Then, the nipples were cut off at 1 mm from the peak in order to expose the milk
ducts. Each teat duct was infused with 50 µL of 0.2 mg/mL LPS. After 12 h, the peiminine treatment
group was injected with the same dose of different concentrations of peiminine. All the mice were
sacrificed after 12 h, and the mammary tissues were harvested and frozen at −80 ◦C or were soaked in
a 4% paraformaldehyde solution.

4.3. Cell Culture

The mMECs were purchased from the American Type Culture Collection (ATCC, ATCC®

CRL-3063™) and were cultured in dulbecco’s modified eagle medium (DMEM) (Gibco, Grand Island,
NY 14072, USA) containing 10% fetal bovine serum (FBS) (Clark Bioscience, Richmond, VA, USA)
at 37 ◦C in a humidified incubator with 5% CO2. Culture medium was changed every two days.
When the cells grew to approximately 60–80%, the cells were passaged or stimulated.

4.4. Histopathologic Evaluation of Mammary Tissues

For histological analysis, the mammary tissues were fixed in fresh 4% formaldehyde solution for
24 h and were then dehydrated, transparent, dipped wax, and embedded in paraffin. Finally, 5-µm
sections were cut and stained with hematoxylin-eosin. The tissue sections were observed under a light
microscope to examine the mammary histopathology.

4.5. Tissue Homogenates and MPO Assay

One mammary tissue from each group was weighed and homogenized in hepesfreeacid (HEPES)
at a ratio of 1:4 on ice. After it was fully grinded, the homogenate was transferred to a new suitable
centrifuge tube and was then centrifuged at 13,000 rpm for 20 min. The supernatant was collected into
a new centrifuge tube for ELISA, and the sediment was combined with 0.5% cetyltrimethylammonium
chloride (CTAC) equal to HEPES and was centrifuged again at 13,000 rpm for 20 min in order to get
rid of the remaining lipid. The supernatant was the MPO sample. Each MPO sample (75 µL) and
substrate (75 µL), 3,3′,5,5′-Tetramethylbenzidine 3 mM (8798 µL), Resorcinol 6 mM (180 µL), and H2O2

3% (2.5 µL) were added to a 96-well plate for 3–5 min. Finally, 100 µL of H2SO4 (2 M) was added to
terminate the reaction. The absorbance peak (OD value) was detected at a wavelength of 450 nm by a
microplate reader. The concentration of the analyte was based on the OD value.

4.6. Enzyme-Linked Immunosorbent Assay

The protein levels of TNF-α, IL-6, and IL-1β in the supernatant of the homogenate were evaluated
with the corresponding ELISA kits according to the manufacturer’s instructions (Biolegend, San Diego,
CA, USA). A total of 50 µL of diluted capture antibody solution was added to each well, and the plate
was sealed and incubated overnight at 4 ◦C. The plates were then washed 4 times with wash buffer
(0.05% Tween-20 in tris-buffered saline (TBS)) and were then blocked by adding 100 µL of assay diluent
to each well. The plates were sealed and incubated at room temperature for 1 h with shaking on a
plate shaker. All the subsequent incubations with shaking were performed similarly. The plates were
washed 4 times, and 50 µL of the diluted standards and samples were added (at a 10-fold dilution) to
the appropriate wells. The plates were sealed and incubated at room temperature for 2 h with shaking.
The plates were then washed 4 times, and 50 µL of the diluted detection antibody solution was added
to each well. The plates were sealed and incubated at room temperature for 1 h with shaking. Then, the
plates were washed 4 times, and 50 µL of the diluted avidin- horseradish peroxidase (HRP) solution
was added to each well. The plates were sealed and incubated at room temperature for 30 min with
shaking. The plates were washed 4 times, soaking for 30 s to 1 min per wash. After adding 50 µL
of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate solution to each well, the plates were incubated in
the dark for 15–30 min or until the desired color developed. The reactions were then stopped with
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50 µL of 2 M H2SO4, and the OD450 was measured. The TNF-α, IL-6, and IL-1β concentrations were
determined using the standard curve generated from the known values.

4.7. CCK8 Assay

The effect of peiminine on cell viability was determined using the CCK8 assay. The mMECs
were treated with peiminine, at concentrations ranging from 30 to 70 µg/mL, for 1 h and were then
stimulated with LPS for 4 h. Subsequently, 10 µL of CCK8 (Saint-Bio, Shanghai, China) was added to
each well. After 1 h, the absorbance (OD) was measured at 450 nm on a microplate reader.

4.8. Cell Culture Experimental Design

Mouse MECs were cultured in 60 mm × 15 mm cell culture dishes (Life Science, Oneonta, NY,
USA) and were divided into groups as follows: NT; NT + peiminine 70 µg/mL; LPS; and LPS +
peiminine (30, 50, or 70 µg/mL). When the mMECs reached 80% confluence, the serum-containing
medium in the cell culture dishes was changed to serum-free DMEM for 3 h to reduce the mitogenic
effects. After 3 h, the cells were pretreated with various concentrations of peiminine. One hour later,
LPS was added. The cell supernatant or protein from the mMECs was extracted after 4 h.

4.9. Western Blot Analysis

The mammary tissues were lysed in lysis buffer (Beyotime, Shanghai, China). The protein
concentrations were measured using the bicinchoninic acid (BCA) protein assay kit (Beyotime, Shanghai,
China). A total of 30 µg protein was separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis SDS-PAGE. The separated proteins were subsequently transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore, Darmstadt, Germany). After blocking with 5%
nonfat milk for 2 h at room temperature, the membranes were incubated overnight at 4 ◦C with primary
antibodies against COX-2 (1:1000), iNOS (1:2000) (Abcam, Cambridge, CA, USA), phospho-NF-κB
p65 (1:1000), NF-κB p65 (1:1000), phospho-AKT (1:2000), AKT (1:2000), phospho-p38 (1:2000), p38
(1:1000), phospho-ERK1/2 (1:2000), ERK1/2 (1:2000) (Cell Signaling Technology, Danvers, MA, USA),
and β-tubulin (1:2000) (Bosterbio, Pleasanton, CA, USA). Subsequently, the membrane was washed
five times in 0.05% tris-buffered saline with Tween-20 (TBST, pH 7.4) for 10 min each time and was
then incubated with an HRP-conjugated anti-mouse (1:3000) or anti-rabbit secondary antibody (1:3000)
(Bosterbio) for 1 h on a shaker at room temperature. The membrane was again washed five times for
10 min each. Finally, an enhanced chemiluminescence detection kit (Beyotime, Shanghai, China) was
used to visualize the immunoreactive proteins [36].

4.10. Data and Statistical Analysis

The images were produced using GraphPad prism software. The animals were randomly assigned
to groups. In the mouse studies, the histological analysis was conducted in a blinded manner. Based on
extensive experience with mouse models of LPS and the planned analytical framework, the authors
estimated the number of mice per group required to detect the effects of interest at the p < 0.05 level of
significance. The numbers of technical or biological replicates (independent experiments for individual
mice for in vivo experiments) in each group are specified in the respective figure legends. All the data
are presented as the means ± SD, as stated in the figure legends. A one-way ANOVA (general linear
model) was applied for comparisons of more than two groups. The analyses were performed using
GraphPad Prism 7.00 software (La Jolla, CA, USA).

Author Contributions: J.L. and S.F. conceived and designed the experiments; Y.L. and Q.G. performed most of
the experiments and wrote the manuscript; H.M. and W.G. analyzed the data; and X.K. and D.X. contributed
analysis tools.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (Nos.
31602020 and 31672509).



Int. J. Mol. Sci. 2018, 19, 2637 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zadoks, R.N.; Middleton, J.R.; McDougall, S.; Katholm, J.; Schukken, Y.H. Molecular epidemiology of
mastitis pathogens of dairy cattle and comparative relevance to humans. J. Mammary Gland Biol. Neoplasia
2011, 16, 357–372. [CrossRef] [PubMed]

2. Kauf, A.C.; Vinyard, B.T.; Bannerman, D.D. Effect of intramammary infusion of bacterial lipopolysaccharide
on experimentally induced Staphylococcus aureus intramammary infection. Res. Vet. Sci. 2007, 82, 39–46.
[CrossRef] [PubMed]

3. Hartlage-Rubsamen, M.; Lemke, R.; Schliebs, R. Interleukin-1β, inducible nitric oxide synthase,
and nuclear factor-κB are induced in morphologically distinct microglia after rat hippocampal
lipopolysaccharide/interferon-γ injection. J. Neurosci. Res. 1999, 57, 388–398. [CrossRef]

4. Takeuchi, H.; Jin, S.J.; Wang, J.Y.; Zhang, G.Q.; Kawanokuchi, J.; Kuno, R.; Sonobe, Y.; Mizuno, T.;
Suzumura, A. Tumor necrosis factor-α induces neurotoxicity via glutamate release from hemichannels
of activated microglia in an autocrine manner. J. Biol. Chem. 2006, 281, 21362–21368. [CrossRef] [PubMed]

5. Toubiana, M.; Gerdol, M.; Rosani, U.; Pallavicini, A.; Venier, P.; Roch, P. Toll-like receptors and MyD88
adaptors in Mytilus: Complete CDS and gene expression levels. Dev. Comp. Immunol. 2013, 40, 158–166.
[CrossRef] [PubMed]

6. Qu, S.; Wang, W.; Li, D.; Li, S.; Zhang, L.; Fu, Y.; Zhang, N. Mangiferin inhibits mastitis induced by LPS
via suppressing NF-κB and NLRP3 signaling pathways. Int. Immunopharmacol. 2017, 43, 85–90. [CrossRef]
[PubMed]

7. Zhang, X.; Wang, Y.; Xiao, C.; Wei, Z.; Wang, J.; Yang, Z.; Fu, Y. Resveratrol inhibits LPS-induced mice
mastitis through attenuating the MAPK and NF-κB signaling pathway. Microb. Pathog. 2017, 107, 462–467.
[CrossRef] [PubMed]

8. Ruan, X.; Yang, L.; Cui, W.X.; Zhang, M.X.; Li, Z.H.; Liu, B.; Wang, Q. Optimization of supercritical fluid
extraction of total alkaloids, peimisine, peimine and peiminine from the bulb of Fritillaria thunbergii Miq, and
evaluation of antioxidant activities of the extracts. Materials 2016, 9, 524. [CrossRef] [PubMed]

9. Lyu, Q.; Tou, F.; Su, H.; Wu, X.; Chen, X.; Zheng, Z. The natural product peiminine represses colorectal
carcinoma tumor growth by inducing autophagic cell death. Biochem. Biophys. Res. Commun. 2015, 462,
38–45. [CrossRef] [PubMed]

10. Guo, H.; Ji, F.; Liu, B.; Chen, X.; He, J.; Gong, J. Peiminine ameliorates bleomycin-induced acute lung injury
in rats. Mol. Med. Rep. 2013, 7, 1103–1110. [CrossRef] [PubMed]

11. Wang, D.; Zhu, J.; Wang, S.; Wang, X.; Ou, Y.; Wei, D.; Li, X. Antitussive, expectorant and anti-inflammatory
alkaloids from Bulbus Fritillariae Cirrhosae. Fitoterapia 2011, 82, 1290–1294. [CrossRef] [PubMed]

12. Kim, S.F.; Huri, D.A.; Snyder, S.H. Inducible nitric oxide synthase binds, S-nitrosylates, and activates
cyclooxygenase-2. Science 2005, 310, 1966–1970. [CrossRef] [PubMed]

13. Lin, G.; Li, P.; Li, S.L.; Chan, S.W. Chromatographic analysis of Fritillaria isosteroidal alkaloids, the active
ingredients of Beimu, the antitussive traditional Chinese medicinal herb. J. Chromatogr. A 2001, 935, 321–338.
[CrossRef]

14. Li, Y.F.; Li, Y.X.; Lin, J.; Xu, Y.; Yan, F.; Tang, L.; Chen, F. Identification of bulb from Fritillaria cirrhosa by PCR
with specific primers. Planta Med. 2003, 69, 186–188. [CrossRef] [PubMed]

15. Zhang, D.Q.; Gao, L.M.; Yang, Y.P. Genetic diversity and structure of a traditional Chinese medicinal
plant species, Fritillaria cirrhosa (Liliaceae) in southwest China and implications for its conservation.
Biochem. Syst. Ecol. 2010, 38, 236–242. [CrossRef]

16. Gu, B.B.; Miao, J.F.; Zhu, Y.M.; Deng, Y.E.; Zou, S.X. Protective effect of retinoid against endotoxin-induced
mastitis in rats. Inflamm. Res. 2009, 58, 81–88. [CrossRef] [PubMed]

17. Bradley, P.P.; Christensen, R.D.; Rothstein, G. Cellular and extracellular myeloperoxidase in pyogenic
inflammation. Blood 1982, 60, 618–622. [PubMed]

18. Winterbourn, C.C.; Vissers, M.C.; Kettle, A.J. Myeloperoxidase. Curr. Opin. Hematol. 2000, 7, 53–58.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10911-011-9236-y
http://www.ncbi.nlm.nih.gov/pubmed/21968538
http://dx.doi.org/10.1016/j.rvsc.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16887158
http://dx.doi.org/10.1002/(SICI)1097-4547(19990801)57:3&lt;388::AID-JNR11&gt;3.0.CO;2-2
http://dx.doi.org/10.1074/jbc.M600504200
http://www.ncbi.nlm.nih.gov/pubmed/16720574
http://dx.doi.org/10.1016/j.dci.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23485525
http://dx.doi.org/10.1016/j.intimp.2016.11.036
http://www.ncbi.nlm.nih.gov/pubmed/27984712
http://dx.doi.org/10.1016/j.micpath.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28389348
http://dx.doi.org/10.3390/ma9070524
http://www.ncbi.nlm.nih.gov/pubmed/28773648
http://dx.doi.org/10.1016/j.bbrc.2015.04.102
http://www.ncbi.nlm.nih.gov/pubmed/25935480
http://dx.doi.org/10.3892/mmr.2013.1312
http://www.ncbi.nlm.nih.gov/pubmed/23404624
http://dx.doi.org/10.1016/j.fitote.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21958967
http://dx.doi.org/10.1126/science.1119407
http://www.ncbi.nlm.nih.gov/pubmed/16373578
http://dx.doi.org/10.1016/S0021-9673(01)01258-4
http://dx.doi.org/10.1055/s-2003-37699
http://www.ncbi.nlm.nih.gov/pubmed/12624833
http://dx.doi.org/10.1016/j.bse.2009.12.029
http://dx.doi.org/10.1007/s00011-009-8057-6
http://www.ncbi.nlm.nih.gov/pubmed/19184358
http://www.ncbi.nlm.nih.gov/pubmed/6286012
http://dx.doi.org/10.1097/00062752-200001000-00010
http://www.ncbi.nlm.nih.gov/pubmed/10608505


Int. J. Mol. Sci. 2018, 19, 2637 13 of 13

19. Haegens, A.; Heeringa, P.; van Suylen, R.J.; Steele, C.; Aratani, Y.; O’Donoghue, R.J.; Mutsaers, S.E.;
Mossman, B.T.; Wouters, E.F.; Vernooy, J.H. Myeloperoxidase deficiency attenuates lipopolysaccharide
-induced acute lung inflammation and subsequent cytokine and chemokine production. J. Immunol. 2009,
182, 7990–7996. [CrossRef] [PubMed]

20. Lau, D.; Baldus, S. Myeloperoxidase and its contributory role in inflammatory vascular disease.
Pharmacol. Ther. 2006, 111, 16–26. [CrossRef] [PubMed]

21. Krawisz, J.E.; Sharon, P.; Stenson, W.F. Quantitative assay for acute intestinal inflammation based on
myeloperoxidase activity. Assessment of inflammation in rat and hamster models. Gastroenterology 1984, 87,
1344–1350. [PubMed]

22. Wojdasiewicz, P.; Poniatowski, L.A.; Szukiewicz, D. The role of inflammatory and anti-inflammatory
cytokines in the pathogenesis of osteoarthritis. Mediat. Inflamm. 2014, 2014, 561459. [CrossRef] [PubMed]

23. Zhang, X.M.; Xiong, H.Z.; Liu, L.B. Effects of taraxasterol on inflammatory responses in lipopolysaccharide-
induced RAW 264.7 macrophages. J. Ethnopharmacol. 2012, 141, 206–211. [CrossRef] [PubMed]

24. Schmitz, S.; Pfaffl, M.W.; Meyer, H.H.D.; Bruckmaier, R.M. Short-term changes of mRNA expression
of various inflammatory factors and milk proteins in mammary tissue during LPS-induced mastitis.
Domest. Anim. Endocrinol. 2004, 26, 111–126. [CrossRef] [PubMed]

25. West, M.A.; Seatter, S.C.; Bellingham, J.; Clair, L. Mechanisms of reprogrammed macrophage endotoxin
signal transduction after lipopolysaccharide pretreatment. Surgery 1995, 118, 220–228. [CrossRef]

26. Nilsson, K.; Jernberg, H.; Pettersson, M. IL-6 as a growth factor for human multiple myeloma cells—A short
overview. Curr. Top. Microbiol. Immunol. 1990, 166, 3–12. [PubMed]

27. Wang, D.D.; Du, Q.D.; Li, H.C.; Wang, S. The isosteroid alkaloid imperialine from bulbs of Fritillaria cirrhosa
mitigates pulmonary functional and structural impairment and suppresses inflammatory response in a
COPD-like rat model. Mediat. Inflamm. 2016, 2016, 4192483. [CrossRef] [PubMed]

28. Lim, J.M.; Lee, B.; Min, J.H.; Kim, E.Y.; Kim, J.H.; Hong, S.; Kim, J.J.; Sohn, Y.; Jung, H.S. Effect of peiminine
on DNCB-induced atopic dermatitis by inhibiting inflammatory cytokine expression in vivo and in vitro.
Int. Immunopharmacol. 2018, 56, 135–142. [CrossRef] [PubMed]

29. Yamamoto, Y.; Gaynor, R.B. Therapeutic potential of inhibition of the NF-κB pathway in the treatment of
inflammation and cancer. J. Clin. Investig. 2001, 107, 135–142. [CrossRef] [PubMed]

30. Li, X.; Huang, W.; Gu, J.; Du, X.; Lei, L.; Yuan, X.; Sun, G.; Wang, Z.; Li, X.; Liu, G. SREBP-1c overactivates
ROS-mediated hepatic NF-κB inflammatory pathway in dairy cows with fatty liver. Cell Signal. 2015, 27,
2099–2109. [CrossRef] [PubMed]

31. Kim, B.R.; Seo, H.S.; Ku, J.M.; Kim, G.J.; Jeon, C.Y.; Park, J.H.; Jang, B.H.; Park, S.J.; Shin, Y.C.; Ko, S.G.
Silibinin inhibits the production of pro-inflammatory cytokines through inhibition of NF-κB signaling
pathway in HMC-1 human mast cells. Inflamm. Res. 2013, 62, 941–950. [CrossRef] [PubMed]

32. Wu, K.; Mo, C.F.; Xiao, H.Y.; Jiang, Y.; Ye, B.G.; Wang, S. Imperialine and verticinone from bulbs
of Fritillaria wabuensis inhibit pro-inflammatory mediators in LPS-stimulated RAW264.7 macrophages.
Planta Med. 2015, 81, 821–829. [PubMed]

33. Lee, B.; Kim, E.Y.; Kim, J.H.; Min, J.H.; Jeong, D.W.; Jun, J.Y.; Cho, C.Y.; Sohn, Y.; Jung, H.S. Antiallergic effects
of peiminine through the regulation of inflammatory mediators in HMC-1 cells. Immunopharm. Immunol.
2015, 37, 351–358. [CrossRef] [PubMed]

34. Song, Y.; Li, N.; Gu, J.; Fu, S.; Peng, Z.; Zhao, C.; Zhang, Y.; Li, X.; Wang, Z.; Li, X.; et al. β-Hydroxybutyrate
induces bovine hepatocyte apoptosis via an ROS-p38 signaling pathway. J. Dairy Sci. 2016, 99, 9184–9198.
[CrossRef] [PubMed]

35. Chen, G.; Liu, J.; Jiang, L.; Ran, X.; He, D.; Li, Y.; Huang, B.; Wang, W.; Liu, D.; Fu, S. Peiminine protects
dopaminergic neurons from inflammation-induced cell death by inhibiting the ERK1/2 and NF-κB signalling
pathways. Int. J. Mol. Sci. 2018, 19, 821. [CrossRef] [PubMed]

36. Guo, W.; Lian, S.; Zhen, L.; Zang, S.; Chen, Y.; Lang, L.; Xu, B.; Guo, J.; Ji, H.; Wang, J.; et al. The favored
mechanism for coping with acute cold stress: Upregulation of miR-210 in rats. Cell. Physiol. Biochem. 2018,
46, 2090–2102. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4049/jimmunol.0800377
http://www.ncbi.nlm.nih.gov/pubmed/19494324
http://dx.doi.org/10.1016/j.pharmthera.2005.06.023
http://www.ncbi.nlm.nih.gov/pubmed/16476484
http://www.ncbi.nlm.nih.gov/pubmed/6092199
http://dx.doi.org/10.1155/2014/561459
http://www.ncbi.nlm.nih.gov/pubmed/24876674
http://dx.doi.org/10.1016/j.jep.2012.02.020
http://www.ncbi.nlm.nih.gov/pubmed/22366673
http://dx.doi.org/10.1016/j.domaniend.2003.09.003
http://www.ncbi.nlm.nih.gov/pubmed/14757184
http://dx.doi.org/10.1016/S0039-6060(05)80327-7
http://www.ncbi.nlm.nih.gov/pubmed/2073810
http://dx.doi.org/10.1155/2016/4192483
http://www.ncbi.nlm.nih.gov/pubmed/27524867
http://dx.doi.org/10.1016/j.intimp.2018.01.025
http://www.ncbi.nlm.nih.gov/pubmed/29414643
http://dx.doi.org/10.1172/JCI11914
http://www.ncbi.nlm.nih.gov/pubmed/11160126
http://dx.doi.org/10.1016/j.cellsig.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26189441
http://dx.doi.org/10.1007/s00011-013-0640-1
http://www.ncbi.nlm.nih.gov/pubmed/24045679
http://www.ncbi.nlm.nih.gov/pubmed/26132855
http://dx.doi.org/10.3109/08923973.2015.1059441
http://www.ncbi.nlm.nih.gov/pubmed/26121924
http://dx.doi.org/10.3168/jds.2016-11219
http://www.ncbi.nlm.nih.gov/pubmed/27756472
http://dx.doi.org/10.3390/ijms19030821
http://www.ncbi.nlm.nih.gov/pubmed/29534526
http://dx.doi.org/10.1159/000489449
http://www.ncbi.nlm.nih.gov/pubmed/29723850
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effects of Peiminine on the LPS-Induced Histopathological Impairment of the Mammary Gland 
	Effect of Peiminine on Myeloperoxidase (MPO) Activity and Pro-Inflammatory Mediators in the Mammary Gland of LPS-Induced Mastitis Model Mice 
	Effect of Peiminine on the LPS-Induced Activation of AKT, NF-B p65, ERK1/2, and p38 in Mammary Tissues 
	Effect of Peiminine on Cell Viability and LPS-Induced Inflammatory Response in mMECs 
	Effect of Peiminine on the LPS-Induced Activation of AKT, NF-B p65, ERK1/2, and p38 in mMECs 

	Discussion 
	Materials and Methods 
	Animals 
	Mouse Mastitis Model 
	Cell Culture 
	Histopathologic Evaluation of Mammary Tissues 
	Tissue Homogenates and MPO Assay 
	Enzyme-Linked Immunosorbent Assay 
	CCK8 Assay 
	Cell Culture Experimental Design 
	Western Blot Analysis 
	Data and Statistical Analysis 

	References

