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Abstract
Background Nuciferine, a major bioactive component from the lotus leaf, has been reported to have notable anti-inflam-
matory activities such as renal inflammation and acute lung injury in previous studies. Mastitis is one of the most prevalent 
diseases in the dairy cattle, which causes large economic losses for the dairy industry. However, the effects of nuciferine on 
lipopolysaccharide (LPS)-induced mastitis have not been reported.
Methods and results Here, we investigated the anti-inflammatory effects of nuciferine on LPS-induced mastitis in mice 
and illuminated its potential mechanism on the TLR4-mediated signaling pathway in mouse mammary epithelial cells 
(mMECs). Histopathological changes and myeloperoxidase (MPO) activity assay showed that nuciferine treatment signifi-
cantly alleviated the LPS-induced injury of mammary gland flocculus, inflammatory cells infiltration. qPCR and ELISA 
assays indicated that nuciferine dose-dependently reduced the levels of TNF-α and IL-1β, which indicated that nuciferine 
might have therapeutic effects on mastitis. Furthermore, nuciferine treatment significantly decreased the expression of TLR4 
in a dose-dependent manner. Besides, nuciferine was also found to suppress LPS-induced NF-κB activation.
Conclusion These findings indicate that nuciferine potently ameliorates LPS-induced mastitis by inhibition of the TLR4-
NF-κB signaling pathway.
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Introduction

Mastitis is one of the most prevalent diseases in the dairy 
cattle, which causes large economic losses for the dairy 
industry [1, 2]. Mastitis is defined as inflammation of the 

mammary gland tissues and mainly characterized by edema 
and inflammatory cells infiltration [3]. A wide range of 
microorganisms can cause mastitis, including Gram-negative 
pathogen such as Escherichia coli (E. coli) [4].

Escherichia coli is a common pathogen which usually 
colonizes dairy cows, and represents a high risk of masti-
tis. Lipopolysaccharide (LPS), released from the surface of 
the cell membrane of E. coli, has been considered to be an 
important virulence factor for mastitis [5]. It is well known 
that the innate immune system recognizes the presence 
of pathogens ligands through a membrane receptors fam-
ily known as Toll-like receptors (TLRs) [6]. TLR4 plays 
a key role in host defense against microbial infection, and 
recognizes exogenous ligands such as LPS [7]. Activation 
of TLR4 by LPS induces the activation of NF-κB pathway 
and eventually results in the production of pro-inflamma-
tory cytokines, such as TNF-α and IL-1β [8]. These pro-
inflammatory cytokines could lead to various inflammatory 
diseases, such as mastitis [9].
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Over the last several decades, antibiotic has been used 
as a conventional drug against mastitis [10]. However, an 
increasing number of bacteria becomes resistant to antibiotic 
these years [11]. Furthermore, antibiotic residues are also 
harmful to people’s health. Thus, there is an urgent require-
ment to develop more effective and safe agents to treat 
mastitis. Many bioactive natural products from plants has 
attracted widespread attention for their therapeutic effects 
to inflammatory diseases because of their unique pharma-
cological profile and low toxicity [12, 13]. Nuciferine, an 
aromatic ring-containing alkaloid extracted from the lotus 
leaf, has been reported to possess extensive pharmacological 
activities, including stimulating insulin secretion, prevent-
ing hepatic steatosis and improving arrhythmia [14–16]. In 
addition, recent research has also suggested that nucifer-
ine alleviated kidney inflammation through restraining the 
inflammation-related signaling pathways [17]. However, the 
effects of nuciferine on LPS-induced mastitis, as well as its 
possible molecular mechanisms on TLR4-mediated signal-
ing pathway, are still unknown. Therefore, we investigated 
the protective effects of nuciferine on a LPS-induced mouse 
mastitis model, and elucidated the potential mechanism in 
mouse mammary epithelial cells (mMECs).

Materials and methods

Reagents

Nuciferine was provided by Shanghai Yuanye BioTechnol-
ogy Co., Ltd. (purity ≥ 98%; Shanghai, China) (Fig. 1, the 
chemical structure of nuciferine that is an aromatic ring with 
an alkaloid). LPS (Escherichia coli 055:B5) was provided 
by Sigma (St. Louis, MO, USA). Mouse TNF-α and IL-1β 
ELISA kits were purchased from BioLegend (California, 
USA). Primary antibodies for TLR4, IκBα, NF-κB p65 and 

β-actin were purchased from Cell Signaling Technology Inc. 
(Beverly, MA, USA). All other chemicals were of reagent 
grade.

Animal treatment and experimental groups

Sixty adult female BALB/c mice (6–8 weeks, 35–40  g 
weight) were purchased from the Experimental Animal 
Center of Wuhan University (Wuhan, China). The mice were 
housed in individual cages at 24 ± 1 °C with 65% humidity. 
All animals received food and sterile water ad libitum. All 
animal experiments were performed according to the Guide 
for the Care and Use of Laboratory Animals established by 
the US NIH and approved by the Ethical Committee on Ani-
mal Research at Huazhong Agricultural University.

The mice were randomly divided into five groups: con-
trol group, LPS group and nuciferine (10, 15, and 20 mg/
kg) + LPS groups. Nuciferine was dissolved in dimethyl sul-
foxide (DMSO) and diluted in Dulbecco’s modifed Eagle’s 
medium (DMEM) to give the final concentrations of 10, 
15, and 20 mg/kg. The method for establishing the mastitis 
model was performed as previously described [3]. Briefly, 
lactating mice were anesthetized with sodium pentobarbital 
(intraperitoneal injection, 40 mg/kg) and then the near ends 
of the teats were cut. LPS (1 mg/mL) was infused into mam-
mary gland (R4 and L4) through the duct of mammary gland 
using a 100-µL syringe. The control group received the equal 
amount of phosphate buffered saline (PBS). At 24 h after 
infused LPS, nuciferine groups received an intraperitoneal 
injection of different nuciferine concentrations (10, 15, and 
20 mg/kg) three times (once every 6 h).

Then, all the mice were euthanized with  CO2 inhalation 
after sodium pentobarbital anesthetized (40 mg/kg), and the 
mammary gland tissues were harvested and kept at − 80 °C.

Histopathological assay

Mammary tissues were excised and fixed with 4% paraform-
aldehyde, embedded in paraffin. After the sections (4 µm) 
were stained with hematoxylin and eosin (H&E), the path-
ological changes were observed under a light microscope 
(Olympus, Japan).

MPO activity assay

The infiltration of neutrophils in mammary tissues was 
assessed by MPO activity. Mammary gland tissues were 
homogenized with reaction buffer (w/v 1/9), and the MPO 
activity was determined with an myeloperoxidase (MPO) 
activity assay kit according to the manufacturer’s instruc-
tions (Nanjing Jiancheng Co., China).Fig. 1  Chemical structure of nuciferine
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Cell culture and treatment

Mouse primary mammary epithelial cells were performed 
as previously described [18, 19]. Mammary gland tissues 
from pregnant mice were harvested and minced into paste, 
and then digested by a collagenase I/II/trypsin mixture, col-
lected the cells with centrifugation. The cells were cultured 
at 37 °C with 5%  CO2.

The mMECs were pretreated with different concentra-
tions of nuciferine (10, 15, 20 µg/mL) or dexamethasone 
(100 µg/mL) for 1 h, and then were stimulated with LPS 
(1 µg/mL) for 12 h. Cells that were not given any treatment 
were served as blank control. The concentrations of nucif-
erine used in the study were established based on previous 
studies [20].

Cell viability assay

The effects of nuciferine on mMECs viability were measured 
with 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 
bromide (MTT) assay. The cells were treated with nuciferine 
(10, 15, 20 µg/mL) for 24 h. Subsequently, 20 µL of MTT 
was added in each well for 4 h at 37 °C. The supernatant was 
removed and dissolved with 100 µL DSMO in each well. 
The optical density (OD) value was read at 570 nm with 
a microplate reader (Thermo Scientific Multiskan MK3, 
USA). The value of cell viability was determined using the 
ratio of OD of treated to untreated cells as a control.

Cytokine assay

The effects of nuciferine on the levels of LPS-induced pro-
inflammatory cytokines were determined in tissues and 
mMECs. The mammary gland tissues were homogenized 
with PBS, and then centrifuged and collected the superna-
tants. The protein concentration of these supernatants were 
normalized by BCA kit in each group. The supernatants of 
the mMECs with different treatment were also collected. 
And the levels of TNF-α and IL-1β were determined by 
ELISA kits following the manufacturer’s directions.

qPCR assay

Total RNA was extracted from tissues and mMECs using 
Trizol (Invitrogen, USA) according to the manufacturer’s 
instructions, and then cDNA was synthesized by reverse 
transcription. The expression levels of TNF-α and IL-1β 
were measured with qPCR. The PCR was performed using 
the SYBR green Plus reagent kit (Roche, Swissland) accord-
ing to the manufacturer’s instructions. The expression levels 
were normalized by GAPDH using the  2− ΔΔCt comparative 
method. The primers used in qPCR are listed in Table 1.

Western blot analysis

The cells were dissociated by RIPA lysis buffer supple-
mented with protease inhibitor and centrifuged at 12,000g 
for 15 min at 4 °C. The protein concentrations were meas-
ured with a BCA protein assay kit (Thermo Scientific, MA, 
USA). Then, the proteins were separated by SDS–PAGE 
and transferred to a PVDF membrane. After blocking for 
2 h with 5% skim milk, the membranes were incubated with 
the primary antibodies (1:1000 dilutions) at 4 °C overnight. 
Subsequently, the membranes were incubated with the sec-
ondary antibodies (1:5000 dilutions) for 1 h at room tem-
perature. The protein levels were detected using the ECL 
Plus Western Blotting Detection System (ImageQuant LAS 
4000mini, USA).

NF‑κB DNA‑binding activity assay

The DNA-binding activity of NF-κB p65 was measured 
using a TransAM NF-κB p65 kit (Active Motif, Carlsbad, 
CA) according to the manufacturer’s instructions. Briefly, 
the mMECs were pretreated with or without nuciferine for 
1 h and then subjected to LPS for an additional 12 h. Sub-
sequently, the nuclear protein was extracted and the protein 
concentration of each sample was measured with BCA assay. 
Finally, the nuclear NF-κB p65 DNA-binding activity was 
detected using a TransAM NF-κB p65 ELISA kit.

Table 1  Primers used for qPCR Name Primer sequence (5′–3′) GenBank accession number Prod-
uctsize 
(bp)

TNF-α CTT CTC ATT CCT GCT TGT G NM_013693.3 198
ACT TGG TGG TTT GCT ACG 

IL-1β CCT GGG CTG TCC TGA TGA GAG NM_008361.4 131
TCC ACG GGA AAG ACA CAG GTA 

GAPDH CAA TGT GTC CGT CGT GGA TCT NM_001289726.1 124
GTC CTC AGT GTA GCC CAA GATG 
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Statistical analysis

All values are expressed as the means ± S.E.M. The 
differences between groups were analyzed by one-way 
ANOVA. The results were considered statistically sig-
nificant at P < 0.05.

Results

Effects of nuciferine on LPS‑induced 
histopathological changes

The effects of nuciferine on LPS-induced histopathologi-
cal changes was detected by H&E staining. As shown in 
Fig. 2a–f, the control group displayed a normal structure 
of mammary glands with no histopathological changes. 
The LPS group showed severe pathologic changes, such as 

Fig. 2  Effects of nuciferine on LPS-induced mammary gland injury. 
Histopathological changes in mammary gland tissues (H&E). a 
Control group, b LPS group, c–e Nuciferine (10, 15, and 20 mg/kg) 
groups and f Dexamethasone group. g Histopathological grade score. 
h MPO activity assay. The red arrow was the tissue lesion area (the 

red arrow indicates the inflammatory cells infiltration in mammary 
gland tissues). Data represent the mean ± SEM (n = 5) of three rep-
licates. #P < 0.05 vs. the control group. *P < 0.05 vs. the LPS group. 
(Color figure online)
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mammary gland flocculus injury, inflammatory cells infil-
tration, enhanced adipose tissue. In contrast, treatment with 
nuciferine significantly alleviated these histological changes 
induced by LPS. The histopathological changes in the mam-
mary glands of mice were evaluated according to the score 
for injury degree such as the integrity of mammary tissues 
and the numbers of infiltrated inflammatory cells (Fig. 2g). 
The pathological grade was scored on a scale of 0–5 as pre-
viously described [21]. These findings were further con-
firmed by MPO assay (Fig. 2h).

Effects of nuciferine on cell viability

The potential cytotoxicity of nuciferine on mMECs was 
evaluated using the MTT assay. The results showed that cell 
viability was not affected by nuciferine administration (10, 
15 and 20 µg/mL) (Fig. 3).

Effects of nuciferine on the levels of inflammatory 
cytokines

To investigate the effects of nuciferine on LPS-induced 
inflammatory cytokines production, the levels of TNF-α 
and IL-1β were determined by qPCR and ELISA assays. As 
shown in Figs. 4 and 5, the levels of TNF-α and IL-1β in the 
LPS group were dramatically increased relative to the con-
trol group (at least more than fourfold, p < 0.05). However, 
these increases were significantly suppressed by nuciferine 

or dexamethasone (such as the inhibition levels of TNF-α 
mRNA were 27.0%, 42.8%, 50.0% and 52.5%, respectively, 
p < 0.05). With increasing doses of nuciferine, the effects 
were more prominent.

Effects of nuciferine on TLR4 expression

TLR4 plays a critical role in the LPS-induced inflamma-
tory response [22]. In this study, the expression of TLR4 
was measured by Western blot. The results showed that the 
protein level of TLR4 was increased in the LPS group (the 
increase level of TLR4 was 124.7%, p < 0.05). Whereas 
nuciferine or dexamethasone significantly reduced the 
expression of TLR4 in a dose-dependent manner (the inhi-
bition levels of TLR4 were 24.7%, 39.6%, 57.7% and 61.0%, 
respectively, p < 0.05, Fig. 6).

Effects of nuciferine on the NF‑κB signaling pathway

In this study, the levels of NF-κB p65 and IκBα proteins 
were detected by Western blot method. As displayed in 
Fig. 7, LPS markedly induced phosphorylation of p65 and 
IκBα compared with the control group (the increase level of 
NF-κB p65 was 160.5%, p < 0.05). In contrast, the levels of 
phosphorylated p65 and IκBα were significantly decreased 
in the nuciferine groups (the inhibition levels of NF-κB 
p65 were 27.7%, 35.7%, 59.8% and 67.9%, respectively, 
p < 0.05).

Effects of nuciferine on the NF‑κB p65 DNA‑binding 
activity

To verify the effects of nuciferine on the NF-κB activa-
tion, we detected the DNA-binding activity of NF-κB p65 
in nuclear extracts. As shown in Fig. 8, the DNA-binding 
activity of NF-κB p65 was remarkably increased after expo-
sure to LPS (the increase level of NF-κB p65 was 400.0%, 
p < 0.05). However, pretreatment with nuciferine decreased 
LPS-induced increase in NF-κB p65 DNA-binding activ-
ity (the inhibition levels of NF-κB p65 were 21.6%, 40.1%, 
55.7% and 61.6%, respectively, p < 0.05), suggesting nucif-
erine suppressed LPS-induced NF-κB activation.

Discussion

Mastitis is commonly recognized as an inflammatory 
response of the mammary gland caused by microbial infec-
tions, and has seriously hampered the development of dairy 
industry [2]. E. coli is one of the most common pathogenic 
microorganism and responsible for severe mastitis [23]. 
Although the efficacy of antibiotics in the treatment of 
mastitis is obvious, antibiotics residues in milk and dairy 

Fig. 3  Effects of nuciferine on cell viability. Mouse mammary epi-
thelial cells (mMECs) were cultured with various concentrations of 
nuciferine (10, 15, and 20 µg/mL) for 24 h. Cell viability was meas-
ured using the MTT assay. Data represent the mean ± SEM (n = 5) of 
three replicates
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products are harmful to human health. Therefore, there is a 
medical need to develop a new therapeutic strategy against 
mastitis. Nuciferine is an aromatic ring-containing alkaloid 
extracted from the lotus leaf, and possesses various thera-
peutic effects such as hepatic steatosis [24]. And some recent 
studies have shown that nuciferine can alleviate renal injury 
by inhibiting renal injury inflammatory responses in rats 
[25]. A LPS-induced mouse mastitis model has been widely 
used as a practical approach to studying cow mastitis [19]. 
Therefore, we investigated the anti-inflammatory effect of 
nuciferine on LPS-induced mastitis and elucidated its pos-
sible mechanism in vitro.

In our study, it was found in the histopathological exami-
nation that LPS caused serious injury to the mammary 
gland tissues, such as mammary gland flocculus injury, 
inflammatory cells infiltration, enhanced adipose tissue, 
whereas administration of nuciferine improved the patho-
logical changes. Furthermore, we also determined the effect 
of nuciferine on mMECs. The MTT assay showed that the 
doses of nuciferine used in the study were not cytotoxic, 
which was consistent with a previous study [20]. It has been 
well established that inflammatory cytokines play a pivotal 

role in the host defense against invading pathogenic microor-
ganism [26]. Among these inflammatory cytokines, TNF-α 
and IL-1β are considered to be essential inflammatory medi-
ators involved in the initiation and development of mastitis 
[27]. IL-1β is produced at the early phase of infection and 
recognized as a key inflammatory mediator [28]. TNF-α 
is an multi-functional pro-inflammatory cytokine secreted 
by activated macrophages, and can induce the production 
of other pro-inflammatory factors, such as IL-6 during the 
inflammatory response [29]. Proper levels of pro-inflamma-
tory cytokine are important for immune responses against 
pathogens, but excessive cytokine production could cause 
severe cell damage [30]. Our results showed that nucifer-
ine alleviated the inflammatory response LPS-stimulated 
mMECs by decreasing the production of these pro-inflam-
matory cytokines.

Toll-like receptor signaling is critical for immunity to a 
variety of intracellular pathogens [31]. TLR4 is an impor-
tant immune receptor that is able to specifically recognize 
pathogen-associated molecules, such as LPS [32]. It had 
been reported that LPS can induce inflammatory responses 
through TLR4-NF-κB pathway [33]. To further explore the 

Fig. 4  Effects of nuciferine 
on the gene expression of 
pro-inflammatory cytokines 
in mammary tissues and cells. 
a TNF-α and IL-1β mRNA 
expression were measured by 
qPCR method in mammary 
tissues. b Expression of TNF-α 
and IL-1β were also detected by 
qPCR method in cells. GAPDH 
was used as the control. Data 
represent the mean ± SEM 
(n = 5) of three replicates. 
#P < 0.05 vs. the control group. 
*P < 0.05 vs. the LPS group
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anti-inflammatory mechanism of action of nuciferine in 
LPS-stimulated mMECs, we then investigated the effects of 
nuciferine on TLR4 expression. The present results showed 
that the expression of TLR4 increased significantly in the 
LPS group but was decreased by nuciferine treatment. The 
NF-κB pathway plays a key role in regulating the expres-
sion of inflammatory cytokines [34–36]. NF-κB, a key 

nuclear transcription factor, has been reported to play an 
extremely important role in the regulation of pro-inflamma-
tory cytokines production [37]. In the basal state, NF-κB p65 
subunit is sequestered in the cytoplasm through association 
with an inhibitory protein IκBα [38]. Various inflammatory 
stimuli results in phosphorylation and degradation of IκBα, 
freeing NF-κB p65 subunit to translocate into the nucleus 

Fig. 5  The effects of nucif-
erine on the protein levels of 
pro-inflammatory cytokines in 
mammary tissues and cells. a 
Protein levels of TNF-α and 
IL-1β were determined using 
a ELISA kit in mammary tis-
sues. b Protein levels of TNF-α 
and IL-1β were measured by a 
ELISA kit in cells. Data repre-
sent the mean ± SEM (n = 5) of 
three replicates. #P < 0.05 vs. 
the control group. *P < 0.05 vs. 
the LPS group

Fig. 6  Effects of nuciferine on the expression of TLR4 in mMEC cells. The expression of the TLR4 protein was measured using Western blot. 
Data represent the mean ± SEM (n = 5) of three replicates. #P < 0.05 vs. the control group. *P < 0.05 vs. the LPS group
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and promote the transcription of inflammatory genes [39, 
40]. Our results showed that nuciferine inhibited the phos-
phorylation of p65 and IκBα in LPS-stimulated mMECs in a 
dose-dependent manner. Similar results were obtained from 
NF-κB p65 DNA-binding activity assay.

In summary, our results demonstrates that nuciferine has 
a anti-inflammatory effect in LPS-induced mastitis via sup-
pressing the TLR4-NF-κB signaling pathway. Therefore, it 

is hoped that nuciferine may serve as a potential treatment 
for mastitis.
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