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6-Bromoindirubin-3′-Oxime Suppresses LPS-Induced
Inflammation via Inhibition of the TLR4/NF-κB
and TLR4/MAPK Signaling Pathways

Chang Liu,1 Xin Tang,1 Wenjing Zhang,1 Guohong Li,1 Yingyu Chen,1 Aizhen Guo,1,2 and
Changmin Hu1,3

Abstract— We investigated the efficacy of the traditional herbal extract 6-
bromoindirubin-3′-oxime (BIO) against lipopolysaccharide (LPS)-induced mastitis in mice
and inflammatory signaling in mouse mammary epithelial cells (MMECs). In vivo, breast
inflammation scores and enzyme-linked immunosorbent assay (ELISA) detection of pro-
inflammatory factor expression were used to assess the effect of BIO against mastitis. In vitro,
the effects of BIO on LPS-induced changes in the expression levels of pro-inflammatory
factors, anti-inflammatory cytokines, and signaling factors of the toll-like receptor 4 (TLR4)/
nuclear factor-κB (NF-κB) and TLR4/mitogen-activated protein kinase (MAPK) pathways
were examined by qRT-PCR and ELISA. In LPS-injected mice, BIO pretreatment downreg-
ulated the expression of the pro-inflammatory factors interleukin (IL)-1β, IL-6, tumor
necrosis factor (TNF)-α, and myeloperoxidase (MPO) in mammary glands and reduced
inflammatory lesions in breast tissue. In MMECs, BIO pretreatment downregulated the
LPS-induced expression of IL-1β, IL-6, and TNF-α. Further, BIO inhibited both the expres-
sion and phosphorylation of TLR4/NF-κB and TLR4/MAPK signaling factors. Thus, BIO
downregulates IL-6, IL-1β, TNF-α, and MPO expression, upregulates IL-10 expression, and
suppresses LPS-induced inflammation by inhibiting the TLR4/NF-κB and TLR4/MAPK
pathways. BIO may be a potential treatment agent for mastitis and other inflammatory
diseases.
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INTRODUCTION

Bovine mastitis is the most frequent and prevalent
production-limiting disease in dairy herds [1, 2]. It de-
velops most commonly in response to intramammary

bacterial infections, and many microorganisms can cause
mastitis, of which the Gram-negative bacterium

Escherichia coli and Gram-positive bacterium Staphylo-
coccus aureus are the most frequent causative pathogens
[3]. Mastitis can be divided into clinical mastitis, subclin-
ical mastitis, and recessive mastitis. S. aureus always
causes subclinical mastitis and long-term persistent infec-
tion, whereas E. coli usually causes clinical mastitis in
high-yielding dairy cows during the early lactation phase
and when the number of somatic cells is low. Traditional
antibiotic treatment is effective, but antibiotic residues are a
potential hazard to human health.
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Lipopolysaccharide (LPS) is a component of the outer
membrane of E. coli that is widely used to induce mastitis
in animal models. LPS is recognized by toll-like receptor 4
(TLR4), which is a major inducer of the immune response
in acute mastitis caused by E. coli. Binding of LPS to
TLR4 results in the activation of transcription factors,
mainly nuclear factor-κB (NF-κB) and mitogen-activated
protein kinases (MAPKs). The activation of transcription
factors leads to the production of many pro-inflammatory
cytokines and chemokines such as tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6).

The indigo extract 6-bromoindirubin-3′-oxime (BIO)
is an active ingredient of Danggui Longhui Wan, the first
traditional Chinese medicine shown to be effective for the
treatment of chronic myelogenous leukemia [4]. BIO is a
known glycogen synthase kinase 3 inhibitor. Our previous
research revealed that indirubin can inhibit LPS-induced
inflammation via TLR4 abrogation mediated by the NF-
κB and MAPK signaling pathways [5]; therefore, we hy-
pothesized that BIO may also inhibit LPS-induced inflam-
mation. In this study, we examined the effects and mech-
anism of BIO on the inflammatory response in a mouse
model of LPS-induced mastitis.

The scoring of histopathologic changes was per-
formed as described previously in studies conducted in
mouse mastitis models [6, 7], with minor modifications.
The maximum score was 11, and the scoring system is
shown in Table 1.

MATERIALS AND METHODS

Chemicals and Reagents

BIO (HPLC ≥ 98%; Fig. 1) was purchased from
Shanghai Yuanye Biotechnology (Shanghai, China). Lipo-
polysaccharide, human epidermal growth factor (hEGF),
insulin, and transferrin were obtained from Sigma (St.
Louis, MO, USA), fetal bovine serum (FBS) and 0.25%
trypsin-EDTA streptomycin from Gibco (Grand Island,
NY, USA), and DMEM/F12 from Hyclone (Logan, UT,
USA). Collagenase I and collagenase II (Collagenase I, II)
were purchased from Solarbio, Trizol from Life Technolo-
gies (Carlsbad, CA, USA), and a BCA kit from Pik Wan.
Company (Shanghai, China). An MTT Kit (A312-01/02),
Hiscript® II RT Super Mix for PCR (R212-01), and AceQ
qPCR SYBR Green Master Mix (Q111-02) were pur-
chased from Nanjing Vazyme (Nanjing, China). Anti-β-
Actin antibodies (BA2305) were purchased from Wuhan
Boster Biological Engineering (Wuhan, Hubei, China).

Anti-TLR4 antibodies were purchased from GeneTex
(San Antonio, TX, USA). NF-κB pathway antibodies,
MAPK family antibody, and phospho-MAPK family anti-
body kits were purchased from Cell Signaling Technology
(Danvers, MA, USA). Goat anti-Mouse IgG antibody was
purchased from Southern-Biotech (Wuhan, Hubei, China)
and ECL Luminol from ThermoFisher (Beijing, China).
Mouse IL-1β, IL-6, and TNF-α platinum ELISA kits with
pre-coated plates were obtained from BioLegend (San
Diego, CA, USA). Centrifuged tubes (15 mL and
50 mL), T175 vials, and culture plates (6-well, 12-well,
and 96-well) were purchased from LabServ (Place). Cell
strainers (40 μm and 70 μm) were purchased from FAL-
CON (Corning, NY, USA). ABI fluorescence quantitative
PCR plates (96A, 384-well) were purchased from Life
Technologies.

In Vivo Study

Experiment Design

Thirty-six Kunming pregnant mice were purchased
from the Center for Experimental Animal or ABSL-3
Laboratory of Wuhan University (Hubei, China) and ran-
domly divided into six groups. Mice were anesthetized
with intraperitoneal (i.p.) injection of 10 mg pentobarbital
sodium salt per 20 g body weight dissolved in phosphate
buffered saline (PBS). Mice then received saline, vehicle,
or LPS perfusion into the 4th and 5th pairs of mammary
ducts with or without i.p. injection of BIO approximately
one hour before and 12 hours after LPS. The treatment
groups were as follows: (1) control group, PBS 50 μL; (2)
dimethyl sulfoxide (DMSO) group (vehicle control), 0.1%
DMSO 50 μL; (3) LPS group (positive control), 50 μL of
0.2 mg/mL LPS; (4) 5 μM BIO + LPS group, 50 μL of
0.2 mg/mL LPS plus 5 μM BIO; (5) 25 μM BIO + LPS
group, 50 μL of 0.2 mg/mL LPS plus 25 μM BIO; (6)
50 μM BIO + LPS group, 50 μL of 0.2 mg/mL LPS plus
BIO 50 μM; (7) LPS + dexamethasone (DEX), 50 μL of
0.2 mg/mL LPS plus DEX. At 24 hours following the LPS
challenge, mice were euthanized by CO2, and then mam-
mary gland tissues harvested and stored at − 80 °C in a tube
freezer.

Histopathologic Evaluation of Mammary Gland Tissue

The tissue samples were fixed in 4% paraformalde-
hyde for 48–72 hours, dehydrated in a graded alcohol
series, embedded in paraffin, section at 4 μm, and then
stained with hematoxylin and eosin (HE). The scoring of
histopathologic changes was done as previously described
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in studies conducted in mouse mastitis models [6, 7], with
minor modifications. The maximum score was 11, and the
scoring system was shown in Table 1.

Detection of Inflammatory Cytokine Levels

Each breast tissue sample was weighed and ho-
mogenized in phosphate buffer (w/v, 1:9) using a tissue
homogenizer. All procedures were performed on ice.
Tissue samples were centrifuged at 2000g for 40 min at
4 °C. The supernatant was collected and recentrifuged
at 2000g for 20 min at 4 °C to remove any remaining
lipid. Supernatants were used to detect tissue levels of
IL-1β, IL-6, and TNF-α by ELISA according to the kit
manufacturer’s instructions.

In Vitro Study

Experimental Design

Primary MMECs were isolated and cultured follow-
ing a previously described method [5]. Cells were treated
as follows: (1) control group (Con), PBS for 24 hours; (2)
DMSO group, 0.1% DMSO for 24 hours as a vehicle
control; (3) LPS group (LPS), LPS (1 μg/mL) for 24 hours;
(4) BIO + LPS groups, BIO at 5, 25, or 50 nM for 1 hours
followed by LPS (1 μg/mL) for 24 hours.

MTT Assay of Cell Viability

Cells were seeded into 96-well plates at 104/well and
incubated overnight at 37 °C under 5% CO2 and then
treated as indicated: control group (no drugs), 1 μg/mL
LPS group, 0.1% DMSO group, 5, 25, and 50 nM BIO
treatment groups, and BIO (5, 25, 50 nM) + LPS co-
stimulation groups, with five replicate wells per group. A
cell-free group was also included. Plates were incubated
under 5% CO2 at 37 °C for 24 hours. Then, 10 μL of MTT
was added to each well, and the supernatant was aspirated
four hours later. Wells were carefully rinsed two or three
times with PBS and then DMSO (150 μL) was added to
each well. The OD of each well was measured at 490 nm
and 570 nm after 10 minutes. Cell viability was calculated
as follows: cell viability = (dosage group cell OD value −
no cell group OD value) / (control group cell OD value −
no cell group OD value). Each experiment was repeated
three times with independently treated cultures.

Table 1. Histopathologic Scoring Criteria

Feature Description Score

Hyperemia/edema Normal 0
Mild 1
Moderate 2
Severe 3

Milk stasis/acinar necrosis Normal 0
Mild 1
Moderate 2
Severe 3

Infiltration with neutrophil 0–1 acinar or mammary gland neutrophil 0
2–5 acinar or mammary gland neutrophil 1
6–10 acinar or mammary gland neutrophil 2
11–15 acinar or mammary gland neutrophil 3
16–20 acinar or mammary gland neutrophil 4
> 20 acinar or mammary gland neutrophil 5

Fig. 1. Chemical structure of BIO.
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Total RNA Extraction and qRT-PCR

Trizol-treated cell samples frozen at − 80 °C were
removed and freeze-thawed. Chloroform (200 μL) was
added to each treated sample. The samples were vortexed
for 15 seconds on a vortexing shaker, allowed to stand for
three minutes, and centrifuged at 12,000g for 15 minutes at
4 °C. The supernatants (approximately 500 μL per sample)
were transferred to new RNase-free EP tubes. Chloroform
(500 μL) was added to each 500 μL supernatant sample
and the mixture vortexed for 15 s, allowed to stand for
3 minutes, and centrifuged at 12,000g for 15 minutes at
4 °C. The supernatant was then mixed with 500 μL of
isopropanol, inverted gently, left for 10 min at room tem-
perature, and centrifuged at 12,000g for 10 min at 4 °C.
The top layer of supernatant was carefully removed and
1 mL of 75% ethanol in RNA-free water added to the
precipitate, followed by gentle inversion. The pellet with
75% ethanol diluted in RNase-free water was centrifuged
at 12,000g for 4 min at 4 °C, the supernatant carefully
removed, and the pellet dried at room temperature for
1 0 m i n . A n a p p r o p r i a t e v o l um e o f 0 . 1%
diethylpyrocarbonate (DEPC)-treated water was added to
the EP tube and the pellet solubilized in a 55–60 °C water
bath for 10–15 min. RNA concentration was measured
using an ultra-micro spectrophotometer. The sample was
then subjected to reverse transcription and qRT-PCR ex-
periments following the kit manufacturer’s instructions.

The primers used are listed in Table 2. The PCR
cycling conditions were two minutes at 50 °C followed
by two minutes at 95 °C and then 40 cycles of 15 seconds
at 95 °C, 30 seconds at 58 °C, and 30 s at 72 °C. Each
reaction mixture contained 1 μL of cDNA, 5 μL of the
SYBRGreen Super Mix, and sense and anti-sense primers.
Each sample was run three times in triplicate; the data were
averaged. Melting curves were constructed to assess PCR
accuracy. The 2−ΔΔCt method was used to measure the
expression levels of calibrator genes. β-Actin served as
an internal control. We calculated ΔCt values as follows:
ΔCt = Ct (target gene) −Ct (housekeeping gene) and also
the following: ΔΔCt =ΔCt (treatment) −ΔCt (control).
Amplitude variation served as a surrogate measure of gene
expression.

Enzyme-Linked Immunosorbent Assays

Pro-inflammatory cytokines were measured in cell-
free supernatants using mouse ELISA kits according to the
manufacturer’s instructions.

Western Blotting

Cells treated as indicated were washed three times
with pre-cooled PBS and suspended in pre-cooled RIPA
lysate buffer. Suspensions were then transferred to pre-
chilled 1.5 mL EP tubes and lysed on ice for one hour at
4 °C, followed by centrifugation at 12,000g for 10minutes.
Supernatants were transferred to new 1.5 mL EP tubes and
a 20-μL portion removed for total protein concentration
measurement using a BCA kit according to the manufac-
turer’s instructions. Lysate samples were mixed with 2×
sample buffer, boiled for 10 minutes, and then loaded onto
polyacrylamide gels at 20 μg per lane for SDS-PAGE.
Separated protein bands were wet transferred to PVDF
membranes. The membrane was blocked in BSA (5%) at
room temperature for two–three hours and then incubated
overnight in primary antibody (1:500) at 4 °C. Blotted
membranes were then incubated in goat anti-rabbit second-
ary antibody and goat anti-mouse secondary antibody
(1:5000) at 37 °C for two hours, and labeling revealed by
ECL luminescence assay.

Statistical Analysis

qRT-PCR results were analyzed with Prism 7.0 soft-
ware and western blot grayscale analysis was performed
with ImageJ software. Statistical analysis was performed
using Prism 7.0 software. Group means were compared by
analysis of variance (ANOVA) with post hoc X tests for
pair-wise comparisons. A p < 0.05 was accepted as signif-
icant for all tests.

RESULTS

BIO Protects Mammary Gland Tissue Against LPS-
Induced Damage

To evaluate the possible anti-inflammatory effects of
BIO in mouse mastitis, we first compared the degree of
tissue injury among control, LPS-treated, and BIO + LPS
co-treated mammary duct tissues by macroscopic patholo-
gy and histological analysis (Fig. 2). In untreated control
and DMSO (vehicle control) groups, no substantial patho-
logical changes were observed and few inflammatory cells
were present (Fig. 2a, b, h, i). In the LPS group, mammary
gland tissue had evident edema, inflammatory hyperemia,
milk stasis, and local tissue necrosis (Fig. 2c). In tissue,
mammary alveoli were hyperemic and thicker than in other
treatment groups, and neutrophil infiltration was evident in
the alveolar lumen (Fig. 2j). Treatment with BIO or Dex

2195BIO Suppresses Inflammation via TLR4/NF-κB/MAPK



significantly reversed these LPS-induced macroscopic
changes (Fig. 2d–g). Fewer neutrophils and macrophages
were observed in the alveolar lumen, the mammary alveoli
were thinner, and hyperemia and edema were attenuated in
a dose-dependent manner (Fig. 2k–n). Tissue in the LPS
group had the highest histological injury score, while
scores were reduced by co-treatment with BIO, especially
at a BIO dose of 100 μM (Fig. 2o).

BIO Reduces Inflammatory Cell Infiltration in LPS-
Treated Mammary Glands

Myeloperoxidase (MPO) activity was determined to
assess neutrophil accumulation within the mammary gland
tissue, as MPO activity is directly proportional to the
number of polymorphonuclear cells (Fig. 3). Activity was
significantly increased by LPS treatment compared to the
control group, while co-treatment with 25 μM BIO re-
duced MPO activity compared to the LPS group. More-
over, MPO activity decreased as the BIO dose increased.
MPO activity was significantly lower in the Dex-treated
group than in the LPS and other treated groups.

BIO Reduces Inflammatory Cytokines in Mammary
Gland Tissue

We used ELISA to measure the expression levels of
the inflammatory cytokines IL-1β, IL-6, and TNF-α in
serum (Fig. 4a–c) and mammary gland tissue homogenates
(Fig. 4d–f). Compared to the control group, LPS challenge
significantly increased IL-6, IL-1β, and TNF-α, while BIO
co-treatment dose-dependently reduced the expression of
all three inflammatory cytokines in LPS-induced mouse
mastitis. Expression was significantly lower than the LPS
group but still higher than the Dex-treated group.

Role of BIO in Cell Viability

The effects of BIO (5, 25, and 50 nM) and LPS on cell
viability were examined by MTT assay (Fig. 5). Cell via-
bility of DMSO group MMECs was slightly higher than
the untreated controls but the difference did not show
significance. The results suggest that DMSO and LPS have
no effect on the growth of MMECs. In addition, neither
BIO alone nor BIO and LPS co-stimulation had any inhib-
itory effect on cell growth. These findings suggest that
results presented here were not influenced by changes in
cell viability.

BIO Reduces Inflammatory Cytokine Expression and
Enhances Anti-inflammatory Cytokine Expression in
Cultured MMECs

The effects of BIO on IL-1β, IL-6, and TNF-α ex-
pression levels in LPS-treated MMECs were examined by
ELISA and qRT-PCR (Fig. 6). The expression levels of all
three pro-inflammatory cytokines in LPS-treated MMECs
were significantly higher than in the control and vehicle
control groups. BIO co-treatment significantly reduced IL-
1β, IL-6, and TNF-α expression levels compared to LPS
alone. Conversely, BIO dose-dependently enhanced ex-
pression of the anti-inflammatory cytokine IL-10 com-
pared to the LPS group (Fig. 6d, h).

BIO Reduces MMCE TLR4 Expression and Activity

To examine the signaling pathways underlying the
effects of BIO, we first examined the expression levels
and activity of TLR4 in MMECs, the main LPS receptor,
using RT-PCR and the TAK-242 inhibition assay (Fig. 7).
Challenge with LPS markedly upregulated TLR4 protein
expression, an effect completely reversed by 25 and 50 nM
BIO (Fig. 7a, b). Similarly, BIO decreased TLR4 mRNA
expression in MMECs (Fig. 7c). In cells pre-incubated
with 10 nM Tak-242 for 1 h prior to LPS or BIO + LPS

Table 2. Sequence of Primers Used in Current Investigation in qRT-PCR

Gene Primer sequence (5′→ 3′)

β-Actin F: TGCTGTCCCTGTATGCCTCT R: GGTCTTTACGGATGTCAACG
TNF-α F: CGATGAGGTCAATCTGCCCA R: CCAGGTCACTGTCCCAGC
IL-1β F: TGAAATGCCACCTTTTGACAG R: CCACAGCCACAATGAGTGATAC
IL-6 F: TGCCTTCTTGGGACTGAT R: CTGGCTTTGTCTTTCTTGTT
TLR4 F: TAGCCATTGCTGCCAACATCAT R: AAGATACACCAACGGCTCTGAA
ERK F: GCTCTGCCCTATTTCATCTTGT R: ATCCAATCACCCACACACAG
JNK F: CTCCAGCACCCATACATCAAC R: TCAGTTCTTTCCACTCCTCTATTG
P38 F: TCGAGACCGTTTCAGTCCATC R: GGGTCACCAGGTACACGTCATT
P65 F: GAGCAAGCCATTAGCCAGCG R: GAGGACAGGGGTCAGGAGGAG
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treatment, BIO no longer dose-dependently reduced TLR4
mRNA expression (Fig. 7d), suggesting that TLR4 is the
major site for BIO-mediated effects.

BIO Suppresses p65 and MAPK Activity

Finally, we examined the downstream signaling path-
ways mediating the anti-inflammatory effects of BIO by
measuring the activities of p65 and MAPK by western
blotting (Figs. 8 and 9). LPS enhanced p65 mRNA expres-
sion, an effect reversed by BIO pretreatment. The phos-
phorylation of p65 was also increased in LPS-stimulated
MMECs, and this effect was reversed dose-dependently by
BIO (except at 5 nM). The levels of MAPK proteins JNK,

ERK, and p38 were significantly upregulated by LPS, and
all were decreased dose-dependently by BIO pretreatment.
Finally, BIO dose-dependently reduced JNK, ERK, and
p38 phosphorylation in MMECs.

DISCUSSION

Mastitis is a major economic burden on the cattle
industry. The disease is mainly caused by the adhesion of
pathogenic microorganisms (bacteria, fungi, mycoplasma,
etc.) to breast tissue, and antibiotic therapy is the main
treatment for the disease. However, this increases the anti-
biotic resistance of mastitis-causing pathogens, and

Fig. 2. Macroscopic pathology and histological analysis of mammary gland tissue. Different concentrations of BIO (5, 25, and 50 μM) were given by i.p.
injection 1 h before and 12 hours after LPS administration.Mouse mammary glands (n = 3–5) from each experimental group were processed for macroscopic
pathological and histological evaluation at 24 hours after LPS challenge. Representative histological changes of the mammary gland from different groups: a
and h are control group, b and i are DMSO group, c and j are LPS group, d and k are BIO (5 μM) and LPS group, e and l are BIO (25 μM) and LPS group,
and f andm are BIO 50 (μM) and LPS group, (25 μM) and LPS group, and g and n are Dex and LPS group. o is inflammatory score (hematoxylin and eosin
staining, magnification × 200). Red circle means mammary gland, and red arrow means neutrophil infiltration or mammary gland structure damage.
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a b

Fig. 3. BIO inhibits LPS-induced expression of MPO in serum and tissue homogenates. Effect of BIO on MPO in the serum and mammary gland in LPS-
stimulated mastitis. Serum (a) and tissue homogenates (b) were used to evaluate MPO with ELISA. The values are presented as the means ± SEM of three
independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, versus LPS group.

a b

e d

c

f

Fig. 4. BIO inhibits LPS-induced expression of pro-inflammatory cytokines in serum and tissue homogenates. Serum and tissue homogenates were used to
evaluate IL-6 (a, d), IL-1β (b, e), and TNF-α (c, f) with ELISA, respectively. The values are presented as the means ± SEMof three independent experiments.
*p < 0.05, **p < 0.01, and ***p < 0.001, versus LPS group.
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antibiotic residues can seriously threaten human health.
Traditional Chinese medicines have low toxicity and few
side effects. Moreover, active ingredients include numer-
ous antimicrobials with promise for the clinical treatment
of mastitis. 6-Bromoindirubin-3′-indole (BIO, also known
as 6BIO) is a derivative of indirubin and a bioactive

ingredient of Danggui Longhui Wan (Chinese Angelica,
Gentian, and Aloe Pill). To study the possible efficacy of
BIO for the treatment of mastitis, we established both
in vitro and in vivomouse models using LPS as an inflam-
mation inducer. Indeed, BIO reduced inflammatory lesions
in mice mammary tissue and suppressed the expression of

Fig. 5. Effect of BIO on the cell viability of MMECs. The values are presented as the means ± SEM of three independent experiments.

Fig. 6. Assay of inflammatory cytokines and anti-inflammatory cytokines in MMEC. The mRNA expressions for IL-6 (a), IL-1β (b), TNF-α (c), and IL-10
(d) were measured by qRT-PCR. The concentration of IL-6 (e), IL-1β (f), TNF-α (g), and IL-10 (h) was measured by ELISA. The values are presented as the
means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, versus LPS group.
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pro-inflammatory cytokines and other inflammatory medi-
ators in mouse mammary epithelial cells, possibly by
inhibiting the TLR4/NF-κB and TLR4/MAPK pathways.

Lipopolysaccharide, the main component of the
E. coli cell membrane, is widely used for in vivo and
in vitro inflammation models. LPS can enter the blood

a b

c d

Fig. 7. The effect of BIO on TLR4 activity. MMECs were cultured with different concentrations of BIO (5, 25, and 50 nM) for one hour and then stimulated
with LPS (1 μg/mL) for 24 hours. Proteins were analyzed by western blotting (a). Densitometric analysis of the effects of BIO on TLR4 expression (b).
Proteins were analyzed bywestern blotting;β-actin served as an internal control. TLR4 gene was analyzed by qRT-PCR (c).MMECswere treatedwith TAK-
242(10 nM) for one hour, then treated with LPS for 1 h, finally treated with BIO for 24 hours. The TLR4 (d) gene was analyzed by qRT-PCR. The values are
presented as the means ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001, versus LPS group.

a b

Fig. 8. The effect of BIO on p65 activity. MMECs were pretreated with different concentrations of BIO (5, 25, and 50 nM) for 1 h and then stimulated with
LPS (1 μg/mL) for 24 hours; cell lysates were then harvested. Proteins on NF-κB signal pathway were analyzed by western blotting (a). Densitometric
analysis of the effects of BIO on phosphorylation of related proteins (b). The values are presented as the means ± SEM (n = 3). *p < 0.05, **p < 0.01, and
***p < 0.001, versus LPS group.
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and activates neutrophils, which then release the pro-
inflammatory cytokines TNF-α and IL-1α [8]. These
cytokines are potent inducers of other inflammatory
cytokines by other immune and somatic cells. The
genes encoding these pro-inflammatory factors are reg-
ulated by nuclear factor-κB (NF-κB), a key transcrip-
tion factor in inflammation. Uterine injection of
2.5 mg/mL LPS can cause uterine injury, and patho-
logical observation revealed a larger number of neutro-
phils in the uterus as evidenced by enhanced MPO and
nitric oxide synthase (NOS) activity [9]. In vitro, LPS
stimulates the RAW264.7 murine macrophage line to

mimic endotoxin-induced inflammation during sepsis
[10]. In this study, the mouse mastitis model was
established by injection of 1 mg/mL LPS. The results
showed that this concentration can induce mammary
glandular swelling and hyperemia, and inflammatory
reactions such as increased expression of MPO and
pro-inflammatory cytokines. At 1 μg/mL, LPS upreg-
ulated expression of pro-inflammatory cytokines IL-6,
IL-1β, and TNF-α in MMECs, and activated both
TLR4/NF-κB and TLR4/MAPKs pathways. These re-
sults indicate that a mastitis model was successful
established both in vivo and in vitro.

Fig. 9. The effect of BIO on MAPK activity. MMECs were pretreated with different concentrations of BIO (5, 25, and 50 nM) for 1 h and then stimulated
with LPS (1 μg/mL) for 24 hours; cell lysates were then harvested. Proteins onMAPK signal pathway were analyzed by western blotting (a). Densitometric
analysis of the effects of BIO on phosphorylation of related proteins (b). The values are presented as the means ± SEM (n = 3). *p < 0.05 m, **p < 0.01, and
***p < 0.001, versus LPS group.
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It was previously reported that 3 μM and 10 μMBIO
inhibited the proliferation and invasion of the human can-
cer cell lines T24, HuH-7, andMDA-MB-231 via the JAK/
STAT3 pathway [11]. However, there have been no reports
on the effect of BIO on mouse mammary cells. In this
study, BIO at concentrations up to 50 nM had no substan-
tial effect on MMEC viability, but 5, 25, and 50 nM BIO
reversed the LPS-induced increase in the transcript levels
of IL-6, IL-1β, and TNF-α in a dose-dependent manner.
Based on the effects of BIO on MMEC cell viability and
the expression of IL-6, IL-1β, and TNF-α after LPS treat-
ment, we selected BIO concentrations of 5, 25, and 50 nM
for the in vitro experiments; BIO concentrations of 5, 25,
and 50 μM were used for in vivo experiments (data not
shown).

Overexpression of IL-1β, IL-6, and TNF-α can cause
inflammatory damage to tissues. IL-1 is a strong inflam-
matory mediator secreted mainly in the form of IL-1β.
Under normal circumstances, the secretion of IL-1β is

extremely low, but it increases dramatically after stimula-
tion by foreign antigens. In turn, IL-1β can induce the
release of IL-3, IL-8, IL-13, and other pro-inflammatory
cytokines [12]. IL-6 is a multifunctional cytokine secreted
by macrophages, T cells, fibroblasts, and epithelial cells.
IL-6 regulates immune responses and participates in acute
phase reactions and hematopoiesis [13]. Significant upreg-
ulation of IL-6 may increase pain or hyperalgesia in a
variety of pathological conditions [14]. TNF-α is a pro-
inflammatory member of the TNF family produced in
response to tissue damage, endotoxin stimulation, and
infection. Studies have shown that TNF-α inhibits the
activity of caspases in cells expressing RIPK3 and induces
necroptosis. Therefore, TNF-induced inflammation in vivo
is considered harmful to the body [15]. We used LPS to
stimulate inflammation in mouse mammary glands and
observed redness and congestion, infiltration of large num-
bers of inflammatory cells, and incomplete acinar struc-
tures. Alternatively, in vivo pretreatment with 5, 25, and

Fig. 10. BIO suppressed LPS-induced inflammation via inhibition of TLR4/NF-κB and TLR4/MAPK signaling pathways. BIO inhibit TLR4 expression,
and the phosphorylation of P38, ERK1/2, and JNK. BIO also has an inhibit effect on P-p65 and Iκ-B, thus preventing P-p65; the production of cytokines such
as IL-6, IL-1β, TNF-α, and MPO was inhibited.
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50 μM BIO suppressed these signs of pathogenic inflam-
mation, as well as overexpression of IL-6, IL-1β, and
TNF-α, suggesting that these lesions are caused by local
cytokine overproduction.

The IL-10 anti-inflammatory factor family promotes
the innate immune response in epithelial cells to limit the
damage caused by viral and bacterial infections. These
cytokines can also promote tissue healing from injuries
caused by infection or inflammation [1]. Bruno (2015)
found that IL-10-knockout mice exhibited poor recovery
from sciatic nerve injury, indicating that IL-10 is indispens-
able for the recovery of tissue damage [16]. In this study,
LPS stimulation inhibited the production of IL-10, whereas
BIO promoted the secretion of IL-10, suggesting that BIO
protects the mammary gland from inflammatory injury by
promoting IL-10 expression.

Myeloperoxidase (MPO) is a heme peroxidase en-
zyme highly expressed in neutrophils as a lysosomal pro-
tein stored mainly in azurin particles. It is released outside
the cell during threshing [17]. MPO has been shown to be
an important mediator of tissue damage in various inflam-
matory diseases and so is likely an important target for the
treatment of inflammation [18]. Neutrophils play an im-
portant role in preventing bacterial and fungal infections. In
this study, a large amount of MPO was detected in serum
and mammary tissue homogenates of the LPS-induced
mastitis model compared to the control group (p < 0.001).
This may be due to LPS damaging the mammary glands,
resulting in chemotaxis of a large number of neutrophils
and local release of MPO, aggravating the mammary gland
inflammatory response. Intraperitoneal injection of BIO
1 h earlier reduced LPS-induced MPO activity to some
extent, indicating that BIO can exert anti-inflammatory
effects by targeting MPO.

Numerous studies have shown that the NF-κB and
MAPK signaling pathways regulate the expression of
TNF-α and IL-1β [19]. NF-κB is a nuclear transcription
factor that exists in the cytoplasm until the cell is stimulated
by stress, viruses, bacteria, inflammatory stimulants, cyto-
kines, free radicals, carcinogens, tumor promoters, or endo-
toxins [20]. Upon activation, NF-κB translocates to the
nucleus and regulates the expression of nearly 400 different
genes, including pro-inflammatory or pro-oxidant enzymes
(COX-2 and iNOS), cytokines (TNF, IL-1, IL-6, IL-8, and
chemokines), adhesion molecules, cell cycle regulators, and
angiogenic factors [21]. TLR4-mediated intracellular signal-
ing pathways converge on and activate NF-κB, inducing the
transcription of cytokines and chemokines that participate in
the initiation or regulation of inflammatory responses [22].
This study revealed that BIO, even at 50 nM, can inhibit the

activity of NF-κB by simultaneously inhibiting the expres-
sion of p65 transcription and phosphorylation.

MAPKs are a family of highly conserved serine/
threonine protein kinases involved in the regulation of
key cellular processes such as gene induction, cell
survival/apoptosis, proliferation, differentiation, cellular
stress, and inflammatory responses [23]. Each MAPK
can be activated by many different upstream MKKs and
MKKKs, each with unique regulatory mechanisms, sub-
strate specificities, and activation kinetics [24]. In this
study, we found that LPS could increase the phosphoryla-
tion level of each protein, suggesting that BIO can inhibit
LPS-induced inflammatory cytokine production by sup-
pressing multiple MAPK signaling pathways.

We confirmed our previous hypothesis by evaluating
the activities of NF-κB and MAPKs. BIO may downregu-
late pro-inflammatory factors such as IL-6, IL-1β, and TNF-
α by suppressing TLR4/NF-κB and TLR4/MAPK signal-
ing. In this study, the activities of NF-κB and MAPKs were
inhibited at BIO concentrations as low as 5 nM, with
marked inhibitory effects similar to those of clinical anti-
inflammatory dexamethasone at 50 nM. It is thus clear that
BIO treatment of LPS-induced mastitis in a mouse model
and its activity in MMECs acts via TLR4 and its two main
Myd88-dependent pathways, NF-κB and MAPK signaling
(Fig. 10). However, the anti-inflammatory effect of BIO
in vitro differs somewhat from that in vivo. The conditions
within an organism are not perfectly replicated in vitro, and
therefore generalizing the results of in vitro experiments to
the biology of complete organisms is challenging. Here, we
examined how BIO exerts its anti-inflammatory effects, and
whether BIO has the same effect in vivo. Further study is
necessary to explore the effects of BIO on mammary tissue,
and whether it can inhibit the TLR4/NF-κB and
TLR4/MAPK pathways.

CONCLUSION

In conclusion, we demonstrated that BIO exerted
anti-inflammatory effects on mice. BIO pretreatment
attenuated mammary gland histopathological changes
and reduced the expression levels of pro-inflammatory
genes, including those encoding IL-1β, IL-6, and TNF-
α, by inhibiting TLR4 expression and suppressing
phosphorylation of IκBα, NF-κB P65, JNK, ERK,
and P38. Thus, BIO might be a potential treatment of
mastitis and other inflammatory diseases.
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