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Sodium houttuyfonate inhibits LPS-induced mastitis
in mice via the NF-kB signalling pathway
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Abstract. Sodium houttuyfonate (SH) has been indicated to
play an important anti-inflammatory role. Previous studies
have confirmed that SH can inhibit the NF-kB pathway in lipo-
polysaccharide (LPS)-induced mastitis in bovine mammary
epithelial cells. However, the effects of SH on LPS-induced
mastitis in animals should be verified to further evaluate
its actual value. In the present study, the anti-inflammatory
effects of SH were investigated in mouse models and a mouse
mammary epithelial cell line. Hematoxylin and eosin staining
(H&E) showed that SH therapy significantly alleviated the
pathological changes in mammary glands. Myeloperoxidase
(MPO) activity analysis demonstrated that SH substantially
decreased MPO activity in vivo. RT-qPCR results showed that
SH reduced the expression of interleukin (IL)-1,IL-6 and tumor
necrosis factor o both in vivo and in vitro. In addition, western
blot results indicated that SH suppressed the phosphorylation
of nuclear factor kappa-light-chain-enhancer of activated
B-cells (NF-kB) p65 protein and reduced the degradation of
inhibitor of kappa light polypeptide gene enhancer in B-cells
alpha protein in vivo and in vitro. These results demonstrated
that SH ameliorates LPS-induced mastitis by inhibiting the
NF-kB pathway.

Introduction

Mastitis, a common disease in dairy herds, causes economic
loss worldwide (1). A survey in 2007 showed that clinical
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mastitis results in an economic cost of 444 US dollars per
average case in the USA, including direct costs of 128 dollars
and indirect costs of 316 dollars (2). Previous research has
confirmed that Escherichia coli is responsible for mastitis (3).

Lipopolysaccharide (LPS), also called endotoxin, is
the main element of the outer membrane of Gram-negative
bacteria, including Escherichia coli, and is a valuable tool
for inducing inflammation, such as mastitis (4,5). LPS can
stimulate Toll-like receptor 4 (TLR4), a member of the
Toll-like receptor (TLR) family, which is known as one of the
significant pathogen-recognition receptors (PRRs) (6). TLR4
signalling pathways then activate the Toll/interleukin-1 (IL-1)
receptor (TIR) signalling pathway (7,8). Subsequently, myeloid
differentiation primary response 88 (MyD88), a universal
adaptor protein, responses to TIR first and activates IL-1
receptor-associated kinase 1 (IRAK1) and TNF receptor-asso-
ciated factor 6 (TRAF6) (9). Then, phosphorylated IKKf
initiates the degradation of IxkBa, which associates with a
nuclear localization sequence to prevent the nuclear transfer
of p65 (10). Then, NF-«kB subunit p65 separates from IkB and
is phosphorylated as pp65. Furthermore, it displaces into the
nucleus and exhibits its DNA-binding activity, where NF-kB
can trigger the release of various pro-inflammatory cytokines,
such as interleukin (IL)-1p, IL-6 and tumor necrosis factor
(TNF)a (11-13).

Many Chinese traditional herbs have attracted wide atten-
tion over the past decade due to their biological function (14).
Sodium houttuyfonate (SH) (Fig. 1) is one of the main
compounds in the volatile oil of Houttuynia cordata Thunb.,
which has been used as an anti-pyretic and detoxicated herbal
medicine for the therapy of infections for an extensive period
of time (15,16). The effects of SH on diabetic nephropathy
and glomerulonephritis have been reported in experimental
animals (17,18). Moreover, previous research suggests that
SH inhibits LPS-induced inflammatory responses in bovine
mammary epithelial cells (bMECs) by depressing the NF-kB
signalling pathway (19). The authors investigated the levels
of IL-1p, IL-6 and TNF-a by real-time quantitative PCR
(RT-gqPCR) and the expression of IkBa, NF-kB p65 and TLR4
by western blotting. All of the results showed that SH may be
a potential agent for the therapy of mastitis.

Therefore, in order to verify whether SH causes the same
effect in vivo, mouse models of LPS-induced mastitis were
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utilized in the present study. The mouse mastitis model is
commonly used for the study of bovine intramammary infec-
tions as it closely mimics the inflammatory responses observed
in natural mastitis (5,20,21). In addition, we also assayed the
function of SH using a mouse mammary epithelial cell line.

Materials and methods

Reagents. Sodium houttuyfonate (SH) was purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China;
purity 298%). LPS (Escherichia coli 055:B5) was provided by
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). All of
the antibodies used in this experiment were provided by Cell
Signaling Technology (Beverly, MA, USA), including $-Actin
(D6AB) Rabbit mAb (8457), NF-kB p65 (D14E12) XP®
Rabbit mAb (8242), Phospho-NF-«kB p65 (Ser468) Antibody
(3039), IkBa (44D4) Rabbit mAb (4812) and Anti-rabbit IgG,
HRP-linked Antibody (7074). Other chemicals were of reagent
grade.

Animals. Twenty lactating female BALB/c mice (6-week
old, 20-25 g) were purchased from the Wuhan Institute of
Biological Products Co., Ltd. (Wuhan, China). Three mice
were raised per cage with standard laboratory chow and
ad libitum feeding. All of the mice were housed in the facili-
ties at a temperature of 25+2°C with 50+2% humidity and a
12-h light/dark cycle for 1 week to adapt to the environment
before the experiment. All of the animal experiments were
performed according to the guidelines for the Laboratory
Animal Research Center of Hubei Province and approved
by the Ethics Committee on Animal Research of Huazhong
Agricultural University (Wuhan, China).

Animal modelling and grouping. The mice were randomly
assigned into three groups of six, namely, the negative control
group (NC), the LPS group, and the LPS + SH (50 mg/kg,
gastric perfusion) group. Mice were anaesthetized with
ethyl ether using an anaesthesia machine. Mice in the NC
group were given PBS, while mice in all other groups were
infused with LPS using a 100-u1 syringe into both the L4 (on
the left) and R4 (on the right) abdominal mammary glands
after the teats were disinfected with 75% alcohol (22). SH
(at doses of 50 mg/kg, dissolved in DMSO and PBS) was
administered 1 h before LPS injection by gastric perfusion
in the LPS+SH group, and the mice in the control group
were administered equal volumes of PBS. At 24 h after LPS
injection, mice were sacrificed using cervical dislocation
and the mammary tissues were harvested, one part of the
sample was fixed into 4% paraformaldehyde, and the other
part was stored at -80°C.

Histopathologic analysis. At 24 h after fixation in 4% para-
formaldehyde, mammary tissues were embedded in paraffin
and then the sections (4-um) were stained with hematoxylin
and eosin (H&E). Finally, pathological changes in the tissues
were observed under a light microscope (Olympus Corporation,
Tokyo, Japan) at x400 magnification.

Myeloperoxidase (MPO) activity analysis. The levels of
neutrophils and monocytes in mammary tissue were assessed
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using an MPO kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Mammary tissues (50 mg) were
homogenized with reaction buffer (950 ul, w/v 1:19), and then
the MPO activity was assayed according to the protocol of the
kit.

Cell culture and treatment. The cells were cultured in 90%
RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) with 10% foetal bovine serum
(FBS) at 37°C with 5% CO, for incubation. The cells were
divided into four groups: DMSO control (DMSO) group, LPS
group, and SH treatment (30 and 60 pg/ml) groups. All of
cells in the DMSO control group and the SH treatment groups
were pretreated with DMSO and SH (30 and 60 ug/ml) for 1 h,
respectively. Subsequently, the LPS group and the SH treat-
ment groups were stimulated by LPS (1 ug/ml) for 1 h. The
DMSO group was used as a negative control as the drug was
diluted with DMSO.

Cell Counting Kit-8 (CCK-8) analysis. Cell proliferation
status was assayed by a CCK-8 kit. The cells were seeded in
96-well plates at a density of 2,000 cells per well with 100 u1
culture medium. After cultivation for 24 h, SH was added
to each well to the final concentrations (30 and 60 ug/ml
SH, n=6). Subsequently, the cells were cultured for another
24 h. Then, 10 ul of CCK-8 solution was added to the
medium, and the culture was incubated for 1 h at 37°C
with 5% CO,. The optical density (OD) values were read
at 450 nm by a microplate reader (Bio-Rad Instruments,
Hercules, CA, USA) (23).

ELISA analysis. The effects of SH on the levels of cytokines
in cell supernatants were examined. IL-1f3, IL-6 and TNF-a
levels were measured with ELISA kits (Shanghai Hengyuan
Biological Technology Co., Ltd, Shanghai, China) according
to the manufacturer's instructions.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) from tissues and cells (1x10° cells/well) according
to the manufacturer's instructions. The concentration and
purity of the total RNA was measured using Q5000 (Quawell
Technology Inc., San Jose, CA, USA) at a 260/280 nm ratio.
Reverse transcription was performed immediately after
measurement. JPCR was implemented using the LightCycler®
480 SYBR®™ Green I Master (Roche Diagnostics, Basel,
Switzerland) and a PCR system (LightCycler® 96; Roche
Diagnostics). The sequences of primers used in the study
were designed with Primer Premier 5.0 (Premier, Canada),
and the primers are shown in Table I. The relative quantita-
tive assay was performed using the 2"22%4 comparative method
normalized by GAPDH (24).

Western blot analysis. Protein in tissues and cells were
isolated by RIPA buffer (Biosharp, China) with 1 mM
phenylmethylsulfonyl fluoride (PMSF) and phosphorylation
of protease inhibitor cocktail. The concentrations of protein
were tested using a BCA protein assay kit (Thermo Scientific).
Total proteins (40 pug) were denatured by boiling for 10 min
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Table I. Primers used for qPCR.

Gene Product

name Primer sequence (5'-3") size (bp)

IL-1p GCAGCAGCACATCAACAAGA 121
GTTCATCTCGGAGCCTGTAGT

IL-6 TTCCATCCAGTTGCCTTCTTG 134
CATTTCCACGATTTCCCAGAGA

TNF-a ACTGGCAGAAGAGGCACTC 116
GGCTACAGGCTTGTCACTC

GAPDH CAATGTGTCCGTCGTGGATCT 124

GTCCTCAGTGTAGCCCAAGATG

IL, interleukin; TNF, tumor necrosis factor; GPDH, glyceraldehyde
3-phosphate dehydrogenase.
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Figure 1. Chemical structure of SH was drawn using ChemDraw 7.0 software
(http://www.chemdraw.com.cn/). SH, sodium houttuyfonate.

and were then separated by 10% SDS-PAGE. After transfer
to polyvinylidene fluoride (PVDF) membranes and blocking
in 5% non-fat dry milk for 2 h at room temperature, the
proteins were incubated overnight (12 h) with primary anti-
bodies (1:1,000 dilution) at 4°C. Then, the membranes were
washed in TBST 3 times (10 min each time) and incubated
with HRP-conjugated secondary antibody (1:4,000 dilution)
for 1 h at room temperature. After washing as described above,
immunoblot signals were measured with an enhanced chemi-
luminescence detection system (ImageQuant LAS 4000 mini;
GE Healthcare, Chicago, IL, USA). Densitometry assays
were completed using Image Pro Plus 6.0 software (Media
Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. Statistical assays were performed using
GraphPad Prism 7 software (GraphPad Software, Inc., La
Jolla, CA, USA). All values are presented as the mean + SEM.
The significant differences between groups were analysed
using one-way ANOVA with the Student's t-test. P<0.05 was
considered to indicate a statistically significant difference.
P-values are indicated as follows in the figures and legends:
"P<0.05 vs. the control group; ‘P<0.05 vs. the LPS group;
"P<0.01 vs. the LPS group.

Results

Effects of SH on pathological changes in the mouse
mammary gland. The histopathological results are shown in
Fig. 2. Compared with the NC group (Fig. 2A), the LPS group
(Fig. 2B) exhibited significant mammary gland hyperaemia,
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Figure 2. Histopathological analysis in tissues (H&E, x400 magnification).
Scale bar, 50 gm. The black arrow shows neutrophils. In the LPS group, the
number of neutrophils was significantly higher than that in the other two
groups. (A) NC, (B) LPS group, (C) LPS+SH group. H&E, hematoxylin and
eosin; SH, sodium houttuyfonate; LPS, lipopolysaccharide; NC, negative
control.

mammary gland wall thickening and invasion of inflamma-
tory cells such as neutrophils (as indicated by black arrows).
However, SH (50 mg/kg; Fig. 2C) treatment obviously amelio-
rated these morphological changes in the mouse mammary
gland tissues.

Effects of SH on MPO activity and the expression of inflam-
matory cytokines in vivo. MPO is most abundantly expressed
in neutrophil granulocytes and can immediately reflect the
levels of inflammation (25). The MPO assay showed that MPO
activity in the LPS group was significantly increased when
compared with that in the negative control (NC) group (P<0.05;
Fig. 3A), while SH treatment decreased MPO activity relative
to that in the LPS group, similar to the histopathology results.
A previous study showed that LPS can markedly elevate the
expression levels of inflammatory cytokines such as IL-1§,
IL-6 and TNF-a (26). As shown in Fig. 3B, mRNA levels of
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Figure 3. MPO activity assays and cytokine expression in vivo. (A) MPO activity. (B) Expression levels of IL-1f, IL-6 and TNF-a. In the LPS group, MPO
activity was significantly increased, while SH inhibited this change. Cytokine expression assays showed that SH downregulated the expression of IL-13, IL-6,
and TNF-a in LPS-induced inflammation. GAPDH was used as a NC. The values represent the mean = SEM of three independent experiments. “P<0.05 vs. the
NC group; “P<0.01 vs. the LPS group. MPO, myeloperoxidase; SH, sodium houttuyfonate; LPS, lipopolysaccharide; NC, negative control.
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Figure 4. Expression of p65, phosphorylated (p)-p65 and IkBa in vivo. SH significantly inhibited the phosphorylation of p65 and the degradation of IxkBa
in tissues in the LPS+SH group. B-actin was used as a control. DMSO represents the DMSO group. LPS represents the LPS group. The values represent the
mean + SEM of three independent experiments. “P<0.05 vs. the control group; “P<0.01 vs. the LPS group. SH, sodium houttuyfonate; LPS, lipopolysaccharide;

NC, negative control.

cytokines in the LPS group were significantly higher than
those in the NC group. SH also significantly downregulated

the expression of these cytokines. These results suggested that
SH may inhibit LPS-induced mastitis in mice.
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Figure 5. Effects of SH (30 and 60 ug/ml) and LPS (1 pg/ml) on the cell
viability of a mouse mammary epithelial cell line using CCK-8 assay. The
results showed that DMSO, SH and LPS had no effect on cell viability.
The values represent the mean + SEM of three independent experiments.
SH, sodium houttuyfonate; LPS, lipopolysaccharide.

Effects of SH on the NF-xB pathway in vivo. Phosphorylation
of p65 plays a significant role in the activation of the NF-kB
pathway (27). Phosphorylation and rapid degradation of IxBa
is the sign of NF-kB-IxB complex changes (28). In this study,
to clarify the function of SH on the NF-kB pathway, we
detected the expression of IkBa and p65 protein in tissues
by western blotting. As shown in Fig. 4, the phosphorylation
of p65 protein was upregulated in the LPS group, while the
levels of IkBa were downregulated. However, SH treatment
suppressed the LPS-induced phosphorylation of p65 proteins
and the degradation of IkBa, thus inhibiting the NF-xB
pathway. These results demonstrated that SH ameliorates
LPS-induced mastitis in mouse models through the NF-xB
pathway.

Effects of SH on cell viability. Cell viability was measured
using CCK-8 assay in this study. The results as shown in Fig. 5
demonstrated that SH (30 and 60 pg/ml) and DMSO (used as
solvent) had no cytotoxicity on the mouse mammary epithelial
cell line.

Effects of SH on the levels of inflammatory cytokines in vitro.
To investigate the function of SH on cytokine levels, IL-1§,
IL-6 and TNF-a production was detected by qPCR and
ELISA. According to the results shown in Fig. 6, it was found
that LPS stimulation promoted higher expression of cytokines
than DMSO. Additionally, SH significantly decreased the
expression of these cytokines.

Effects of SH on the NF-xB pathway in vitro. Related to
the in vivo experiments, NF-xkB pathway protein expression
in cells was also verified. As shown in Fig. 7, the level of
phosphorylated (p)-p65 was suppressed dose-dependently
in the SH treatment groups, and the expression of IkBa was
upregulated. In conclusion, SH depressed the NF-xB pathway
by inhibiting the phosphorylation of p65 and the degradation
of IxkBa.
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Discussion

Bovine mastitis leads to loss of milk production and
extra treatment costs (29,30). Because mastitis is caused
by various different pathogens, it is a challenge for many
different countries (31). E. coli infection was suggested
to be the most common cause of fatal mastitis (32).
Lipopolysaccharide (LPS), a unique structure on the walls
of Gram-negative bacteria, including E. coli, interacts with
LPS-binding protein (LBP) and CD14 and further promotes
the activation of TLR4 (33). TLR4 accelerates inflammatory
gene expression via the NF-xB pathway (34). Sodium hout-
tuyfonate (SH), first extracted from Houttuynia cordata
Thunb. by Kosuge in 1952, is considered an anti-inflam-
matory medication for suppressing many bacteria, such as
E. coli (35,36). Although the effects of SH on mastitis in
bovine mammary epithelial cells have been elucidated (19),
few studies have focused on the anti-inflammatory function
of SH in animals. In the present study, we first investigated
whether SH treatment ameliorates LPS-induced mastitis in
mice

Histopathological examination of mammary glands
showed that the changes in SH treatment groups were not as
obvious as in the LPS group. The results indicate that SH has
a protective effect on LPS-induced mastitis. In addition, MPO
analysis and inflammatory cytokines assays also confirmed
the protective effect of SH.

Some inflammatory cytokines, such as IL-1f, IL-6 and
TNF-a, may cause tissue damage. As primary cytokines,
IL-1p and TNF-a induce the secretion of IL-6, which plays
an important role in the induction of acute disease (37). In the
present study, the expression of IL-1f, IL-6 and TNF-a was
substantially enhanced in LPS-induced mastitis. However,
SH reduced the levels of these cytokines in vivo and in vitro.
These results demonstrated that the anti-inflammatory
activity of SH might be due to decreasing levels of inflam-
matory cytokines.

IkBa is associated with and tightly regulates the NF-xB
complex (38). IkBa has been shown to have ankyrin repeats
composing a 205-amino-acid internal region (39). Mutations
of these ankyrin repeats can inhibit IkBa from interacting
with NF-«B (40). Under normal conditions, IxkBa preserves
NF-kB in the cytoplasm by masking the nuclear localization
sequences (41). When IKK initiates the sequence-specific
phosphorylation and ubiquitination of IxBa, the result is the
rapid degradation of IxB (42). Thus the present study detected
the level of IkBa. In the LPS group, the expression of IkBa
was obviously downregulated in vivo and in vitro, which can
lead to the release of NF-xB p65 in the LPS group. However,
SH treatment recovered the level of IkBa, which inhibits the
activation of the NF-kB pathway.

In addition, the phosphorylation and nuclear translocation
of p65 is generally regarded as a marker of initiation of the
NF-«B pathway (27). With the degradation of IkB, NF-«xB p65
is released from IxB molecules (43), and p65 is then free to
translocate to the nucleus and bind to target genes to promote
the expression of pro-inflammatory cytokines (44). In our
study, we detected the expression of p65 and phosphorylated
(p)-p65 protein using western blot analysis. Significantly,
the expression of p-p65 protein was upregulated in the LPS
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Figure 6. Cytokine expression in vitro. The results showed that SH downregulated the expression of IL-1f, IL-6, and TNF-o in LPS-induced inflammation.
GAPDH was used as a control. The values represent the mean + SEM of three independent experiments. “P<0.05 vs. the control (DMSO) group; “P<0.01 vs. the

LPS group. SH, sodium houttuyfonate; LPS, lipopolysaccharide.
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Figure 7. Expression of p65, phosphorylated (p)-p65 and IkBa in vitro. The SH treatment group showed decreased phosphorylation of p65 and degradation of
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group. In the in vivo study, SH had a marked effect on NF-kB
pathway inhibition. In the in vitro study, SH reduced the

p-p65 protein.

Based on the above experimental results, we can hypoth-
esize that SH exhibits an anti-inflammatory function in
LPS-induced mouse mastitis. Furthermore, the mechanisms
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underlying the effects of SH may be due to the inhibition of
the NF-xB pathway, but the direct targets of SH and accurate
molecular mechanisms warrant further investigation. All of
these results suggest that SH is a potential therapeutic strategy
for bovine mastitis.
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